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I 

INTRODUCTION 

While studying chemistry in the years 1933-1937 at the University of 
Freiburg and at the Technische Hochschule in Munich, I had the good 
fortune early in my career to come into contact with many famous and 
important chemists such as Hans Fischer, Georg von Hevesy, Walter 
Hieber, Otto Honigschmidt, Hermann Staudinger, Heinrich Wieland, and 
Eduard Zintl. The lectures on complex chemistry given by Walter Hieber, 
who, at the age of 39, was appointed Professor in Munich in 1935, made 
a lasting impression, both from their content and from the didactical 
excellence of their presentation. I was unusually fascinated by his first 
review on metal carbonyls (/), which appeared in 1937, as it treated a 
class of compounds which, at that time, could not be reconciled at all 
with the normal concepts of inorganic complexes. In the same year I, as 
a graduate student, was involved with the reactivity of the recently 
discovered HCo(CO) 4 , which is gaseous at room temperature. In the 
course of this work, I made my decision to make metal carbonyl chem¬ 
istry the subject of my dissertation. This decision led to an almost 25- 
year-long collaboration with Walter Hieber. 

At this time, the chemistry of metal carbonyls was very much in its 
first stages of development. It is significant that the systematic study of 
this field, which had hardly begun to be covered in the textbooks, was 
almost exclusively carried out by Hieber. Other than the mononuclear 
metal carbonyls of the VIB Group, iron, ruthenium, and nickel, only the 
polynuclear species Fe^CO),,, Rua(CO) 9 , Co^CO) s , Fe^CO)^, and 
Co 4 (CO) 12 were known (/). Of these, only the structures of the hexacar- 
bonyls of the chromium group (2) and of Fe 2 (CO) 9 (3) had been deter¬ 
mined by X-ray structure analyses. 

With respect to the derivatives of metal carbonyls, the substituted 
metal carbonyls of the VIB Group (e.g., MoICOlspys), the halogenocar- 
bonyls of iron, ruthenium, iridium, and platinum, the hydridocarbonyls 
H 2 Fe(CO) 4 and HCo(CO) 4 discovered in 1931 and 1934, and the nitrosyl 
carbonyls FelCO^NOh and Co(CO) 3 NO were the most important (/). 
The known anionic CO complexes were limited to [HFe(CO)J~ and 
[Co(CO)J“. For studies of substitution reactions of metal carbonyls at 
this time, work was almost totally limited to reactions involving the 
classical N ligands such as NH 3 , en, py, bipy, and phen. 

Thus, it is understandable that at the end of the 1930s research in the 
area of metal carbonyls was, for the most part, concentrated on new 
preparative and reaction methods in liquid media and via high-pressure 
syntheses starting from transition-metal compounds. The objectives were 
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the discovery of new mono- and polynuclear metal carbonyls as well as 
further halogeno- and hydridocaibonyls. Furthermore, researchers were 
also concerned with the search for other ligands that could replace the 
CO of metal carbonyls and their derivatives. A final area of interest 
involved the reactions of metal carbonyls with various Lewis bases (4). 

One must bear in mind that at this time none of the spectroscopic 
methods, which are taken for granted nowadays, were available, so that 
resort had to be made to extremely careful analytical work. However, 
the so-called “noble gas rule" was an aid to the research at that time, a 
concept which should not be underestimated since it played a determining 
role in planning new experiments and contributed to many successes. I 
still admire the ability of Hieber, who, with the most modest of means, 
obtained the wonderful scientific results that—40 years later—remain 
fundamental concepts of organometallic chemistry. 

Under these influences, my dissertation was concerned, on the one 
hand, with the reactions of NiS and CoS with CO in aqueous alkaline 
suspension (4) and, on the other, with high-pressure syntheses of 
Fe(CO) s , Co 2 (CO) 8 , and Ni(CO) 4 from anhydrous halides and CO in the 
presence of halogen-absorbing “metal additives” such as Cu and Hg 
according to (5) 

NiXj + 2Cu + 4CO Ni(CO) 4 + 2CuX (X = Cl, Br, 1) 

It was observed that the reaction of NiS or [NKNH^JlMoSJ with CO 
in aqueous alkaline suspension could, in one case, be carried out with an 
absorption of 4 moles of CO per mole of Ni and, in the other, with only 
~ 50% of the total nickel being converted to Ni(CO) 4 (4). The reaction 
path, which could not at that time be clarified, was later studied by using 
CO absolutely free of oxygen, and we were able to determine that the 
quantitative formation of Ni(CO) 4 resulted from a reductive carbonylation 
(6, 7): 

NiS + SCO + 40H- -» Ni(CO) 4 + CO, 1 ' + S*~ + 2H*0 
The corresponding reaction of CoS results in the formation of [Co(CO)J~ 
( 6 ): 

2CoS + 11CO + I20H" -» 2[Co(CO)J- + 3C0 3 i_ + 2S S ' + 6H„0 
The reaction of NiSe with CO in aqueous alkaline suspension is analogous 
to that of NiS (8). 

The structures of the isoelectronic hydridocaibonyls H 2 Fe(CO) 4 and 
HCo(CO) 4 were the central theme of numerous studies over a period of 
many years after their discovery by Hieber. Because of their very similar 
physical characteristics, these complexes were considered to be “ pseudo 
nickel tetracarbonyls” (H 2 Fe = HCo = Ni) in which, even then, the 
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bonding of the hydrogen to the transition metals was intuitively postu¬ 
lated (/). On looking back, it is surprising that it was relatively late that 
the definite acid character of HCo(CO) 4 in aqueous solution was recog¬ 
nized (9, 10). The reason for this was undoubtedly the fact that, at that 
time, neither an isolation of the alkali-metal salts from the "base reac¬ 
tion” solution of Co^COlg nor an "esterification” of HCo(CO) 4 , i.e., the 
formation of CH 3 Co(CO) 4 , had been achieved. 

However, in 1941, I was able to show that HCo(CO) 4 is extremely 
soluble in liquid NH 3 and that NH^CoiCOlJ can be isolated at room 
temperature. This complex can be sublimed at 80°C in vacuum to give 
long colorless needles (//, 12). With the deep-blue solutions of Li, Na, 
Ca, or Ba in liquid NH 3 , colorless alkali or alkaline-earth salts of 
HCo(CO) 4 are formed with evolution of H 3 . Also, by the reaction of 
Cd[Co(CO) 4 ] 2 with sodium in liquid NH 3 , the quantitative formation of 
Na[Co(CO)J takes place. Finally, at that time, we were able to prepare 
K[Co(CO) 4 ] via a reaction analogous to "neutralization” of NH^CoiCOlJ 
with KNH 2 in liquid NH 3 . From these studies, which began in 1941, we 
showed that liquid NH 3 is an excellent solvent for carbonyl chemistry, 
and that solutions of the alkali metals in liquid NH 3 function as extremely 
strong reducing agents (12). These studies represent the basis of "the 
chemistry of metal carbonyls in liquid NH 3 ” which has concerned us 
continuously now for over 35 years and which has made possible the 
preparation of numerous new, particularly anionic, carbonyl complexes. 
Furthermore, these studies in liquid NH 3 have also provided numerous 
ideas for further experimentation, by both our own and other research 
groups, which will be presented here. 

The following facts concerning the use of liquid NH 3 are of particular 
importance: (1) its behavior as a solvent similar to water, but with a 
much lower proton activity; (2) the access to the reaction temperature 
range of -78 to 4- 120°C which made possible the preparation and isola¬ 
tion of complexes at low temperatures; and (3) the strong reducing char¬ 
acter of the solutions of the alkali metals in liquid NH 3 , which especially 
allowed for access to the carbonyl metalates having very low oxidation 
states. 


II 

REDUCTION OF METAL CARBONYLS WITH ALKALI METALS AND 
SODIUM TETRAHYDRIDOBORATE IN LIQUID AMMONIA 

A. Experimental Results 

Although the reduction of such mono- and polynuclear metal carbonyls 
as Fe(CO) 8 , Vln^CO),,,, Re^COho, Co^CO)*, and Fe;j(CO) 12 with finely 
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divided alkali metals or alkali-metal amalgams in indifferent solvents was 
first investigated by Hieber’s group surprisingly late in the 1950s (75), 
beginning in 1951 we had success with the quantitative study of such 
reactions with sodium in liquid NH 3 (14). Short reaction times at -78°C 
led to the formation of Na 2 [Fe(CO)J or Na[Co(CO) 4 ] from Fe(CO) s , 
Fe 2 (CO) fl , and Fe 3 (CO) 12 , or Co 2 (CO) 8 and Co 3 (CO) 12 . Halogenocarbonyls 
[e.g., Fe(CO)J 2 ] were also reduced to the respective monomeric carbonyl 
metalates. The "base reactions” of the Group VIB hexacarbonyls with 
KOH-methanol led to complicated polynuclear anions whose structures 
are still not clear. These contain OH - and CH 3 OH ligands as well as CO 
(13), which means that the preparation of mononuclear pentacarbonyl 
metalates, such as [M(CO)s] 2 - or [HM(CO)*]- (M = Cr, Mo, W), is not 
possible by this route because of their extremely strong reducing char¬ 
acter. Although it took several years before the first preparation of their 
isoelectronic counterparts [Mn(CO)s] _ and HMn(CO) 5 (13), we had al¬ 
ready formed the [Cr(CO)s] 2_ and [HCr(CO) 5 ]~ anions by treating Cr(CO) 6 
with sodium in liquid NH 3 at -78°C, giving quantitative reduction to the 
soluble yellow /jentacarbonylchromate(-II) (15), 

CrtCO), + 3Na - NaJCi-"(CO),J + INaOC^CONa 

whereby most of the evolved CO forms the sparingly soluble disodium 
acetylenediolate (16). 

A little later, we were able to obtain the pentacarbonyl metalates(-II) 
Na 2 [Mo -II (CO) 5 ] and Na 2 [W-"(CO) 5 ] in low yields (17). The yields were 
low due to the predominance of further reduction to the sparingly soluble, 
mononuclear tetracarbonyl metalates(-IV) and formation of Na 2 C 2 0 2 : 

Na,[M-"(CO)d + 3Na-» NaJM- ,v (CO)J + JNa t C s O J 
(M = Mo, W) 

These complexes have been prepared and spectroscopically character¬ 
ized by Ellis et al. (18) who used the reduction of (TMEDA)M(CO) 4 
(TMEDA = 7V,7V,7V',7V'-tetramethylethylenediamine) in liquid NH 3 . 

The extremely reactive [M -ll (CO) 5 ] 2- anions (M = Cr, Mo, W) allowed 
the synthesis of numerous new metal carbonyl complexes of Group VIB, 
so that what was, until then, rather monotonous chemistry became much 
more versatile. 

In aqueous solution, the intermediate anion [HM(CO) s ] _ initially 
formed releases H 2 with complementary oxidation to the dinuclear hy¬ 
drogen-bridged [(OC) s M—H—M(CO)s] - anions (19), the preparation and 
structure of which will be discussed in detail. 

2[HM(CO)J- + HjO — [HM^CO) l0 ]- + OH" + H, 

Within the framework of our investigations into the reducing behavior 
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of the hexacarbonyls, we became especially interested in preparative 
methods leading to the decacarbonyl dimetalates [M 2 (CO)i 0 ] 2_ of Group 
VIB, which are isoelectronic with the dinuclear metal carbonyls of Group 
VIIB M 2 (CO)io (M = Mn, Tc, Re). These Group VIB metalates are 
obtained by closed-system reactions of the hexacarbonyls with NaBH 4 
in liquid NH 3 (20, 21). 

2M(CO)„+ 2NaBH< + 6NH 3 -^^» NaJM^COJuJ + 2B(NH 2 ) 3 + 2CO + 7H 2 

It is interesting that, on the one hand, these yellow decacarbonyl 
dimetalates disproportionate with CO at 150°C, 

Naj[M t ~'(CO),J + CO -* Na,[M _,, (CO)5] + M°(CO), 

and, on the other, come to a pH-dependent equilibrium in aqueous so¬ 
lution: 

[M J (CO),ol , ~ + H, O [HMjtCO),,]" + OH" 

The anions [M 2 (CO) 10 ] 2_ and [HM 2 (CO)i 0 ]~ can easily be separated via 
their [Et 4 N] + salts, as a consequence of the different solubilities of these 
salts in Et a O (20). 

In contrast to the reactions of the hexacarbonyls with NaBH 4 in liquid 
NH a , several days of reaction in boiling THF results in reduction to the 
deeply colored trinuclear carbonyl metalates Na 2 [M 3 (CO) 14 ] (M = Cr, 
Mo, W), provided the CO evolved is completely removed from the re¬ 
action system (22). 

Quantitative experiments showed that these anionic cluster-complexes 
react with bipy and H 2 0 to give M(CO) 4 bipy with evolution of exactly 2 
moles of CO and 1 mole of H 2 per mole of Na 2 [M 3 (CO) 14 ]. In this respect, 
we plan to reinvestigate these complexes, as Churchill and Ni Chang (23) 
reported that the reaction of W(CO) 6 with [Et 4 N]BH 4 in boiling THF 
gives red [E^NKW^COlgHJ, the X-ray structure of which leads to the 
deduction of an anion with two bridging hydrogen ligands (C 2h symmetry). 

In 1968, we were able to show that at 25°C and in the presence of 
extremely small (catalytic) quantities of bipy, the hexacarbonyls can be 
reduced by alkali metals to absolutely pure decacarbonyl dimetalates(-I) 
(24). 

2M(CO), + 2Nabipy — NaJM,(CO) 10 ] + 2CO + 2bipy 
Na + bipy -» Nabipy 

The 12 anions that we first discovered, e.g., [M(CO) 5 ] 2_ , [HM(CO) 5 ] _ , 
[M 2 (CO)i 0 ] 2_ , and [HM a (CO) 10 ]“ (M = Cr, Mo, W), have since been the 
research object of numerous other groups, and further preparative routes 
have now been developed (25-30). Besides the alkali metals and alkali 
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amalgams, sodium-potassium alloys, C e K, and [Et 4 N]BH 4 as well as 
various solvents, e.g., hexamethylphosphoramide (HMPA) and dime- 
thoxyethane, have been used. 


B. Structures of the Carbonyl Metalates [M(CO ) 5 ] 2- , [M 2 (CO) t0 f~, 
and [HM 2 (CO) 10 ]~ (M = Cr, Mo, W) 

As a result of the unusually strong reductive character of the penta- 
carbonyl metalates(-II) [MfCO)*] 2- (M = Cr, Mo, W), and the conse¬ 
quent ready oxidizability of the dinuclear anions [M 2 (CO) 10 ] 2_ and 
[HM 2 (CO) 10 ] _ , only relatively lately have we been able to publish an 
interpreted IR spectrum of Na 2 [Cr(CO) 5 ] (31). There is no doubt, how¬ 
ever, that the [M(CO) 5 ] 2- anions have trigonal bipyramidal structures as 
the observed intensities and frequency differences of the CO bands are 
inconsistent with a C 4v symmetry of a tetragonal pyramid. 

Our suggested assignment of the v(CO) valence vibrations is based not 
only on their positions but more so on the frequency separation of the 
bands within the isoelectronic series Fe°(CO) 5 (32), [Mn -l (CO) 5 ]~ (32), 
and [Cr -II (CO) 5 ] 2 ". Thus, this series may be compared to the similarly 
isoelectronic series of tetrahedral complexes Ni°(CO) 4 , [Co _I (CO) 4 ]~, 
and [Fe^'fCOjJ 2- . Ellis et at. (29) were later able to confirm that 
Na 2 [Cr(CO) 5 ] prepared by us and by a different route by Kaska (27) is 
the same complex. This is also, of course, true for this salt which we 
prepared in 1959 by the reduction of Na t [Cr 2 (CO) 10 ] with sodium in liquid 
NH 3 (17). 

The structure of the dinuclear complex anions [M 2 (CO)io] 2- (M = Cr, 
Mo, W) was the subject of much argument for over 10 years. At the end 
of the 1950s we, in collaboration with Beck et al. (13), on the basis of the 
IR spectra, had postulated a nonbridged metal-metal bond, such as was 
known to occur in the dinuclear metal carbonyls of Group VIIB. A 
contrasting CO-bridged structure was put forward by Hay ter (33) in 1966 
for the complexes formed photochemically from the hexacarbonyls and 
sodium amalgam and described as isomeric with those obtained by us 
using liquid NH 3 . The contradictions in the IR spectra were rationalized 
by newer studies together with Lindner et al. (34), Kaska (27), and Edgell 
and Paauwe (J5). Solvent effects and the nature of the cations both have 
a marked influence on the frequencies and forms of the CO bands, as 
less polar solvents (THF) can cause considerable lowering of symmetry 
due to incomplete dissociation of the dissolved cations and anions (ion 
pairs). 

The three research groups just mentioned were able to prove inde- 
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pendently that in more polar solvents, in which complete dissociation 
occurs, the 3 v(CO) absorptions expected forZ)^ symmetry are observed, 
in accordance with our findings of 10 years earlier (13). In 1970, Dahl 
and co-workers (36) carried out X-ray structure analyses on 
[PPNHCr^COM and [PPN][Mo 2 (CO) 10 ] (PPN = N(PPh 3 ),) that conclu¬ 
sively proved that both anions have the sameD^ structure as Mn*(CO) 10 , 
thus bringing to a successful conclusion an intensive scientific discussion 
which had lasted for 10 years (see Fig. 1). 

The same authors (36) carried out X-ray studies on [Et 4 N][HCr 2 (CO)i 0 ] 
for which a linear Cr—H—Cr bond in the sense of 2-electron-3-center 
bonding was found, with the clearly elongated Cr—Cr distance leading 
to D.U, symmetry (see Fig. 2). In contrast, the [HW 2 (CO), 0 ]~ anion exists 
in linear and bent forms, depending upon the cation. Whereas 
[Et 4 N][HW l (CO) l0 ] has symmetry with eclipsed equatorial carbonyl 
groups, [PPN][HW 2 (CO), 0 ] has a bent backbone and staggered equatorial 
ligands (37). 

With respect to the structures of these H-bridged anions, it is interest¬ 
ing to quote two comments (38-40). 

Low temperature with single-crystal neutron diffraction techniques has shown 
that [EtJSlfHWjtCO) ,J has a nonhydrogen framework which is eclipsed and 
almost linear (or very slightly bent), but the W—H—W bond is markedly bent and 
asymmetric with a W—H—W angle of 137.1°. In contrast the structure of 
[PhJ’KHW^CO),,] is nondisordered; the W—H—W linkage is bent and symmet¬ 
ric. (38) The structure is almost identical to that of the isoelectronic HWj(CO)»NO, 
which can be prepared from [HW,(CO),(J~ and NaNOj. (39) 

A combined room temperature X-ray and neutron diffraction study of 
[PPN][HCr^CO) 10 ] has been performed to investigate the effects of crystal packing 
on the anion and the Cr—H—Cr geometry. A comparison with the earlier work 
on the [Et 4 N] salt has shown that the pseudo-f) M geometry of the anion's non¬ 
hydrogen framework is maintained. This result indicates that the [HCr,(CO) 10 ]~ 
anion is considerably less susceptible than the tungsten analogue to a twisting 
deformation from a linear-eclipsed to a bent-staggered configuration. (40) 
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It is fascinating to the author of this historical review that the 
[HM^COIjo] - anions prepared by us in liquid NH 3 over 25 years ago are 
still the subject of interesting and exciting structural chemical investiga¬ 
tions. 

Tangential to this theme, I should mention that we have also prepared 
and characterized by IR spectroscopy nonbridged decacarbonyl dimetal- 
ates(-I) having two different Group VIB metals, namely, 
Na a [CrMo(CO) 10 ] and Na 2 [CrW(CO) 10 ], from Na 2 [Cr(CO) 5 ] and 
M(CO) s THF (M = Mo, W) (31). 

Anders, a former student of mine, together with Graham (41) was 
earlier able to obtain decacarbonyl dimetalates with one metal of each of 
Groups VIB and VIIB, namely, [MnCr(CO), 0 ] _ , [MnMo(CO)i 0 ] _ , 
[MnW(CO) 10 r, [ReCr(CO), 0 ] - , [ReMo(CO) 10 r, and [ReW(CO) 10 r, by 
reaction of Na[M(CO) 5 ] (M = Mn, Re) with M(CO)« (M = Cr, Mo, W). 

These mixed metalates also have nonbridged structures and may be 
classified as intermediate between Mn 2 (CO) 10 and Re 2 (CO)i 0 on the one 
hand and the isoelectronic anions [M 2 (CO)io] 4_ (M = Cr, Mo, W) and 
[MM'(CO) 10 ] 2_ (M = Cr; M' = Mo, W), prepared by us, on the other. 
The protonation of [Et 4 N][ReCr(CO), 0 ] leads to the neutral complex 
HReCr(CO) 10 , which has been shown by the X-ray studies of Graham et 
al. to have the same structure as [HCr 2 (CO)i 0 ] _ (42). 

The reduction of metal carbonyls or their derivatives with sodium in 
liquid NH 3 , begun by us 35 years ago, has become a method often used 
successfully by numerous other research groups throughout the world. 
A few examples are the preparation of Na 2 [Tj 5 -C 5 H 5 V(CO) 3 ] from tj 5 - 
C 5 H 5 V(CO) 4 (43) and [V- m (CO) 5 ] 3 " and [M- ,n (CO) 3 ] 3 - (M = Co, Rh, Ir). 
According to Ellis et al. (44), these carbonyl metalates are obtained in 
the extremely low oxidation state of -III from the anions [V -1 (CO)e]~ 
and [Co _I (CO) 4 ] _ and also from the neutral complexes M 3 (CO) 12 (M = 
Rh, Ir). 

During the 1950s, at the Institute of Inorganic Chemistry at the Tech- 
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nische Hochschule in Munich, there took place an extremely interesting 
and stimulating scientific competition between the research groups of my 
most respected teacher Walter Hieber and myself. Whereas Hieber con¬ 
centrated his efforts, which were extremely successful, on the polynu¬ 
clear carbonylferrates (13, 45) having 2, 3, and 4 iron atoms, we con¬ 
cerned ourselves with the various carbonyl metalates of Group VIB. 

Ill 

REACTIONS OF THE PENTACARBONYL METALATES(-II) AND 
THE DECACARBONYL DIMETALATES(-I) OF CHROMIUM, 
MOLYBDENUM, AND TUNGSTEN 


A. Monosubstituted Derivatives of the Hexacarbonyls 

Their strong reducing nature is a special characteristic of the penta- 
carbonyl metalates(-II) and decacarbonyl dimetalates(-I) of chromium, 
molybdenum, and tungsten that distinguishes them from the other car¬ 
bonyl metalate anions of the 3d metals, e.g., [Co(CO)J~. The oxidation 
of the mononuclear species with water 

2[M-»(CO)J J - + 3H,0 -* [HMrHCO.J- + 30H" + H a 

has already been mentioned. In the presence of a monodentate ligand 
(L), however, Na 2 [M(CO) 6 ], Na 2 [M 2 (CO) 10 ], or Na[HM 2 (CO) l0 ] form with 
H 2 0 monosubstituted hexacarbonyls with evolution of H 2 (17, 19-21, 46, 
47). 

[M-"(CO) 5 f- + 2H,0 + L -» M°(CO) 5 L + 20H- + H„ 

[Mf'tCCM 2 - + 2H 2 0 + !4J -*2M°(CO) 5 L + 20H~ + H s 
[HMj(CO),J - + H,0 + 2L -» 2M(CO)sL + OH" + H, 

These reactions led to the first preparation of pentacarbonyl complexes 
of Group VIB, namely, M(CO) 5 NH 3 , M(CO) s py, and M(CO) 5 (NH 2 Ph) (M 
= Cr, Mo, W). 

At higher temperatures, the formation of tetracarbonyl derivatives is 
also possible (e.g., with py) (48). 

The analogous reactions using such bidentate ligands as en or phen 
lead (also via evolution of H 2 and CO) to quantitative formation of the 
tetracarbonyl derivatives M(CO)«en and MtCOI^phen (M = Cr, Mo, W) 
(48). Whereas Na 2 [M(CO) 5 ] and Na 2 [Mj[(CO)io] react with o-phenylene- 
diamine and water to give mononuclear (H 2 NC 6 H 4 NH 2 )Cr(CO) 5 , with m- 
and p-phenylenediamine, the dinuclear complexes 
[(OC) 5 M]H 2 NC 6 H 4 NH 2 [M(CO) 5 ] are formed, in which two M(CO) 5 
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groups are linked through aromatic diamine bridges (47). Thus, o-phen- 
ylenediamine acts exclusively as a monodentate ligand. In contrast, the 
strongly basic 1,2-cyclohexadienediamine forms the chelate complex (47) 


sK 


In this series of reactions we were also able to isolate a trinuclear complex 
for the first time, namely 


N—Cr(CO), 



N-Cr(CO), 

H, 

from Na 2 =[Cr(CO)s], 1,3,5-triaminobenzene, and water (47). 

Considerable attention has been given to the reactions of the mono- 
and dinuclear pentacarbonylchromates, -molybdates, and -tungstates 
with various N ligands, as they were of principal significance to the 
chemistry of the substituted hexacarbonyls of Group VIB metals. Until 
then, the mononuclear pentacarbonyl derivatives of the type M°(CO) 5 L, 
and the di- or trinuclear, ligand-bridged carbonyl complexes of Group 
VIB were unknown. The complex Cr(CO) 4 (PPh 3 ) 2 which we synthesized 
at that time from Cr(CO) 5 NH 3 and PPh 3 was the first phosphine-substi¬ 
tuted derivative of a Group VIB hexacaibonyl (19). 

This is understandable when it is considered that the direct substitution 
of CO in the relatively stable hexacarbonyls by the stronger donor ligands 
such as py is not possible at low temperatures and that thermal treatment 
between 160 and 200°C normally causes the mono compound step to be 
overshot. It is most impressive how the situation has changed dramati¬ 
cally as a result of the pioneering photochemical studies of Strohmeier 
et al. (49) and how, since 1960, a really hectic development in the area 
of substituted hexacarbonyls of Group VIB has occurred. In this respect, 
the derivatives M(CO) 5 THF have proved to be especially reactive and to 
constitute a preferred starting material for numerous other pentacarbonyl 
complexes of chromium, molybdenum, and tungsten. 

Studies by Guttenberger (JO) and Bertrand et al. (51) have shown that 
the ligand-bridged bis(pentacarbonyl metal) complexes, e.g., 
(OC) 5 M(NC—CN)M(CO) 5 or (OC) 5 M—PtOCH^P—M(CO) 5 (M = Cr, 
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Mo, W), may also be easily obtained photochemically from the hexacar- 
bonyls and (CN) 2 or P(OCH 2 ) 3 P in suitable solvents. 

This type of compound was later shown by other authors (52, 53) to be 
accessible by heating M(CO)„ with suitable ligands in high-boiling sol¬ 
vents (190-210°C). Examples are (OC) 5 M—PMe 2 —PMe 2 —M(CO) s and 
(OC) 5 M—AsMe 2 —AsMe 2 —M(CO) 5 (52, 53). The synthesis of the series 
Cr(CO) s NH a , [(OC) s Cr] 2 N 2 H 4 , [(OC) 8 Cr] 2 N 2 H 2 , and [(OC) 5 Cr] 2 N 2 by Sell- 
mann et at (54) in the course of their work on N 2 fixation is especially 
impressive. 


B. Mono- and Dinuclear Hexacoordinated Pentacarbonyl 
Metalates(O) 

Further to the foregoing reactions, my group and others were able to 
synthesize numerous new anionic and neutral complexes by various re¬ 
actions of [M(CO)jJ 2_ and [M 2 (CO), 0 ] 2_ . Thus, we were able to prepare 
the cyanocarbonylchromates(O) [Cr(CO) 5 CN] _ and c7s-[Cr(CO) 4 (CN) 2 ] 2_ 
by oxidation of Na 2 [Cr(CO) 5 ] with aqueous NaCN solution or with (CN) 2 
or ICN in THF (55, 56): 

[Cr-"(CO)d s - + CN- + 2H 2 0 [Cr«(CO) 5 CN]- + 20H~ + H 2 

[Cr _,, (CO) s ] 8_ + 2CN- + 2H a O cii-[Cr°(CO)4(CN)d 2 - + 20H- + CO + H s 
[Cr n (CO)J* - + (CN), —[Cr°(CO) s CN]- + CN~ 

[Cr-"(CO) s ] ! - + ICN —[Cr°(CO) s CN]~ + I" 

For the analogous reactions of Na[M(CO)J (M = Mn, Re) with ICN, 
we observed a different reaction, namely, that of oxidative elimination, 
leading to the cis configurated [M(CO) 4 (CN)I] _ anions (152): 

[M-'ICOJJ- + ICN —c/j-1 M(CO) 4 (CN)I]“ + CO (M = Mn, Re) 

With the preparation of Na[Cr(CO) s CN], we not only obtained the first 
anionic hexacoordinated, pentacarbonyl metalate(O) of Group VIB, but 
also initiated the extremely extensive chemistry of the [M(CO) 5 X]“ an¬ 
ions. 

Of the many typical redox reactions that we used for the formation of 
[M(CO) 5 X] _ anions, the following are given as examples (57-60): 

(1961) [Cr 2 -'(CO),„] 8 - + I 2 K , + y H ^ > 2[Cr 0 (CO) t l]- 
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(1964) [M-"(CO) 5 ]*- + Fe +n (CO)«Xj —[M^CO)^]” + [Fe°(CO) 4 X]- 

(M = Cr, Mo, W; X = Cl, Br, I) 

(1966) [Crr n (CO) t0 ] 2 - + 2Fe s+ + 2NCS' -> 2[Cr»(CO) 3 NCS]- + 2Fe s+ 

(1969) [HCr s (CO) 10 r + 2HSC*H 4 CH 3 -p — 2[Cr(CO) 5 SC 8 H 4 CH 3 -/)]- + H + + H a 

The anions [Cr(CO) s I]~ and [M(CO) s NCS]~ (M = Cr, Mo, W) were 
prepared by Fischer and Ofele (61) and Wojcicki and Farona (62), re¬ 
spectively, shortly before our own studies. 

Considerably later, other research groups described further redox re¬ 
actions of a similar nature, leading to the anions [M(CO) 5 C 4 F 7 ] _ (65), 
[M(CO) 5 (C=CPh)J- (64), [M(CO) s SR]- (65), or [M(CO) s R]- (R = Me, 
Et, NCCH 2 , PhNH 2 ) (66). 

For the sake of completeness, reference should also be made to the 
work of W. Beck, J. K. Ruff, E. W. Abel, and R. B. King, by whose 
research groups, between 1963 and 1975, a large number of other 
[M(CO) 5 X] - complexes were synthesized, especially with halide and 
pseudo-halide anions, by thermal or photochemical reactions of M(CO) 6 
or M(CO) s THF. 

Again starting from the decacarbonyl dimetalate(-I) anions, besides 
the mononuclear [M(CO)sX] _ anions, we were the first to prepare the 
dinuclear [M 2 (CO) 10 X] - species (M = Cr, Mo, W) with the respective 
metal having the oxidation state 0. These anions can be formally derived 
from the unknown dinuclear carbonyls M^CCOn by substituting a CO 
ligand by X~ (X = CN, I, NCS, SH, SMe, SEt, SPh). 

We obtained the first complex of this type, namely, the [Cr^CO^oCN] - 
anion, as early as 1959, as a by-product of the oxidation of [Cr(CO) 5 ] 2- 
with (CN) 2 (55, 67): 

2[Cr'“(CO)d*- + 2(CN)> -* lCr t °(CO) 1(l CNr + 3CN~ 

The monoanion [Cr°(CO) s CN]~ also gives this dinuclear anion, however, 
in acid pH regions (55): 

2[Ct<CO),CN]- + H + -* lCr^CO), 0 CN]- + HCN 

The dinuclear species [Cr*(CO) 10 I]- (67), [Cr 2 (CO) 10 NCS]" (67), and 
[Cr 2 (CO), 0 SH] _ (60), however, were prepared by reduction of the para¬ 
magnetic neutral complexes Crs(CO) I0 I (57, 58, 68) and Cr 2 (CO) 10 NCS 
(59), which will be discussed later, as well as from the mononuclear and 
also paramagnetic C^CO^SH (60) with sodium amalgam in THF: 

2Cr(CO) 5 SH +2e -> [CrdCO),«SH]- + SH' 

The anions [Cr^CO^oSH] - and [Cr^CO^oSR] - (R = Me, Et, Ph) are 
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also formed by oxidation and H 2 elimination from [HCr 2 (CO) 10 ] _ with 
water in the presence of SH - or mercaptans (RSH) (60). 

The IR spectra of these anions show that in all cases the complexes 
are X-bridged with bent or linear Cr—X—Cr bonds (X = CN, I, NCS, 
SH, SMe, SEt, SPh) (60, 69). Dahl and co-workers (70) found by X- 
ray structure analysis that the Cr—I—Cr angle in [PPN][Cr 2 (CO)ioI] is 
-118° (see Fig. 3). 

It was somewhat later that Ruff et al. (71) turned their attention to the 
synthesis and structure determination of these dinuclear anions, which 
they prepared photochemically from M(CO) 6 and [M(CO) 5 X] _ according 
to the following process: 

M(CO)e + [M(CO)jX]~ [M 2 (CO) 10 X] - + CO 

(M = Cr, Mo, W; X = I, CN, NCS, SCH 3 ) 
or from M(CO) e and SCH 3 _ : 

2M(CO)e + SCHj- [M 2 (CO) l0 SCH 3 ]- + 2CO 

Ruff (71a) was also able to obtain halogen-bridged anionic complexes 
with different Group VIB metals, namely, [CrW(CO)i 0 Br]~ and 
[CrMo(CO)ioI]". A little later, we used the same method to gain access 
to dinuclear NCS-bridged anions with heterometals and bent M—NCS 
—M' bonds (72): 

[M(CO)jNCS] _ + M'(CO)8-^ [(OC) 5 M—NCS—M'(CO)j]- + CO 
(M = Cr, W; M' = Mo, W) 


C. Heterometallic and Inserted Anionic Complexes 
Ruff (73) and our group in Erlangen (31) were successful in preparing 
dinuclear anionic complexes with metals of Groups VIB, VIIB, and 
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VIIIB, which are characterized by metal-metal bonding (73 and 31, 
respectively): 

[M„(CO) 1( J 2 - + Co,(CO) 8 — 2[(OC)sM—Co(CO)J~ 

[M(CO)s] s_ + Fej(CO) 9 — [(OC) 5 M—Fe(CO)J 2 - + Fe(CO) 5 
(M = Cr, Mo, W) 

Our suggested structure for the [MFe(CO)„] 2_ anions, based on IR 
data, is given in Fig. 4. 

With this work, we were able to complete the isoelectronic series based 
on chromium: [Cr^CO)^] 2- , [CrMn(CO) 10 ]“, [CrFe(CO) fl ] 2_ , and 
[CrCo(CO) 9 ] _ . However, the series cannot be extended to include nickel. 

Of particular interest are the insertion reactions carried out by Ruff 
(74) in which Snl 2 , Gel 2 , or S0 2 is inserted into the metal-metal bonds 
of [M 2 (CO) 10 ] 2_ anions to give bridged species of the type 
[(OC) 5 M(EI 2 )M(CO) 5 ] 2 - (E = Ge, Sn) or [(0C) 5 M(S0 2 )M(C0) 5 ] 2 -. The 
insertion of Hg was, however, only successful into [Cr 2 (CO)i 0 ] 2- , a result 
that our own experiments have confirmed. The product is the 
[(OC) 5 Cr—Hg—Cr(CO) 5 ] 2- anion, which is isoelectronic with 
(OC) 5 Mn—Hg—Mn(CO) 5 and has linear Cr—Hg—Cr bonds (75). In the 
case of K 2 [Fe 2 (CO) g ], the insertion of all the Group IIB metals into the 
Fe—Fe bond of the nonbridged [Fe 2 (CO) g ] 2 " anion is also possible (75). 
The anionic complexes [(OC) 4 Fe—M—FelCOlJ 2- (M = Zn, Cd, Hg) 
so formed are isoelectronic with the neutral complexes 
(OC) 4 Co—M—Co(CO) 4 , described by Hieber and Teller (76) over 35 
years ago. 

A contrasting reaction is that of Ni(CO) 4 with [PPNljtW^COljo], which 
gives the anionic cluster compound [PPN] 2 [W 2 Ni 3 (CO) 16 ], whose X-ray 
structure has been determined by Ruff and co-workers (77): 

[PPNUWjtCOJ.J + 3Ni(CO) 4 -^[PPN]JW 2 Ni 3 (CO) 16 ] + 6CO 
[PPN = (PhjP^N] 


W u 


Fig. 4 
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D. Paramagnetic Mono- and Dinuclear Pentacarbonyl Complexes 
of Chromium 

The mono- and dinuclear carbonyl metalates of Cr, Mo, and W, first 
prepared by us using liquid NH a , have also been of great importance for 
the synthesis of numerous neutral complexes not accessible by other 
routes. Special attention is drawn to the deeply colored and very unstable 
mono- and dinuclear paramagnetic complexes CrfCOy, Cr*(CO),J, 
Cr(CO) 5 CN, Cr(CO) s NCS, Cr^COJ.oNCS, and Cr(CO) s SH. 

We had already seen that oxidation of [Cr 2 _I (CO), 0 ] 2 ~ with I 2 leads to 
yellow [Cr°(CO)j] _ (57). With excess iodine, however, the oxidation 
goes further, to the deep-blue, hexacoordinated, thermally very unstable 
Cr +1 (CO) 5 l, by which reaction the dinuclear, deep red, paramagnetic, 
neutral complex of Cr 2 (CO)u)I may be isolated as the intermediate. The 
actual compound formed is solely dependent upon the mole ratio of 
[Cr 2 (CO) I0 r:M57, 58 , 68 ): 

Mole ratio 1:1 ICrjtCO.d*- + I, — 2 [Cr(CO),I]- 

Mole ratio 1: 1.5 [CratCOJJ*- + 1.51, -» CrJCO) I + 21 - 

Mole ratio 1:2 [CratCO)^*- + 21, -♦ 2Cr(CO) s I + 21- 

Deep-green Cr(CO) s CN and deep-red Cr(CO) 5 NCS, which are stable 
up to -25°C and, like Cr(CO)sI, show the paramagnetism of a single 
unpaired electron, are formed from the reaction of CrfCOy with ICN or 
ISCN (75): 

Cr(CO)J + ICN -* Cr(CO),CN + I, 

Cr(CO)sI + ISCN -»Cr(CO) 1 NCS + I, 

The dinuclear NCS-bridged neutral complex Cr,(CO)ioNCS (59) is ob¬ 
tained by oxidation of [Cr^CO)™] 2- with excess Fe 3+ cations in the 
presence of NCS~: 

[Cr,(CO)io]’- + 2Fe* + + 2SCN~ —* 2[Cr(CO)hNCS]- + 2Fe ,+ 



Cr,(CO)„NCS + Fe ,+ + NCS- 

All the mono- and dinuclear anionic and neutral complexes of the types 
[Cr(CO) 5 X]-, [Cr 2 (CO) 10 X]-, CrfCOJjX, and Cr 2 (CO) 10 X (X = I, CN, 
NCS) have been studied in detail by us by IR spectroscopy (69). The 
neutral dinuclear complex Cr*(CO)ioCN has, however, to date eluded 
isolation (69). Especially characteristic is the mode of formation of the 
deep-green monomeric and paramagnetic complex Cr(CO) 5 SH from 
[Cr 2 (CO) 10 ] 2- and S0 2 in aqueous solution (60). Although in organic sol- 
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vents S0 2 is inserted into the Cr—Cr bond of [Cr^CO)^ 2- (74), in H 2 0 
oxidation of Cr -1 to Cr +I occurs with simultaneous reduction of S0 2 to 
SH - anion. The latter functions as a complex ligand and thus allows 
formation of Cr(CO) 5 SH with its bent Cr—S—H grouping. This reductive 
behavior of Na 2 [Cr 2 (CO) 10 ] may be compared with its reaction with 2 - 
bromo-2-nitrosopropane Me 2 C(NO)Br which King and Douglas (79) have 
shown to lead to (dimethylketimino) pentacarbonylchromium 
Me 2 C=N(H)Cr(CO) 5 . 

The mono- and dinuclear paramagnetic complexes are of course ex¬ 
tremely reactive. We have shown that the reactions of Cr(CO)J and 
Cr 2 (CO) 10 I with various mono- and bidentate ligands lead to the formation 
of the respective substitution products of Cr(CO ) 6 with simultaneous 
oxidation to elemental I 2 (80): 

Cr +, (CO),I + L-» Cr°(CO) B L + JI, 

(L = MeNHj, EtNHj, PhNH„ py, PPh B ) 

Cr + '(CO)sI + OCN- -»[Cr“(CO) 5 NCO]- + *1, 

The mechanism of the reaction of Cr(CO)J with NO in Et 2 0 at low 
temperature is not yet known. All five CO ligands are eliminated, to give 
a red solution from which we have precipitated violet Cr(NO) 2 (PPha) 2 I 2 
on addition of PPh 3 . The NO groups are cis-oriented (81). 


E. Complexes with M — M' Bonds (M = Cr, Mo, W; M' = Ge, Sn, 
In) 

We have also reacted Na 2 lMj(CO)io] with the tetrahalides of germa¬ 
nium and tin (EXJ in THF Monomeric complexes of the type 
(OC) 5 MEX 2 -THF are formed, according to (82): 

NajlMjtCObd + EX 4 -- HF -> (OQjMEX.-THF + Na[M(CO)sX] + NaX 
(M = Cr. Mo, W; E = Ge, Sir, X = Cl, Br, I) 

The Group VIB metals are pseudo-octahedrally coordinated, whereas 
germanium and tin have a pseudo-tetrahedral environment (82). 

We obtained the compounds (OC) 5 MGeCl 2 -THF and (OC) 5 MSnX 2 -THF 
nium and tin (EX 4 ) in THF. Monomeric complexes of the type 
reaction of M(CO)„ with CsGeCl 3 or SnX 2 (83). With [Et 4 N]X, these 
compounds give the anions [M(CO) s GeCl 3 ] _ and [M(CO) 5 SnX 3 ]~ (&?). We 
were also able to obtain such anions by the insertion of SnCl 2 into the 
M—Cl bonds of [M°(CO) s Cl] _ anions (55). These anions with GeCl 3 and 
SnCl 3 ligands had been prepared earlier by Ruff (84) by the photochemical 
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reaction of M(CO) e with [Ph^sHGeClg] or [Ph^sKSnCl-J. In 1971, 
Marks (85) obtained the methyl and butyl derivatives (OC) 5 CrER 2 -THF 
(E = Ge, Sn) from Na 2 [Cr 2 (CO) 10 ] and R 2 EC1 2 . 

New studies by our group have shown that the indium trihalides InX 3 
(X = Cl, Br, I) also react with Na^M^CO),,,] according to (56): 

Na.tMjtCOJjJ + InX, (OOjMInXTHF + Na[M(CO)sX] + NaX 
(M = Cr, Mo, W; X = Cl, Br, I). 

The structure of CrtCOynBrTHF established by X-ray diffraction 
shows that in this molecule the Cr, In, and Br atoms and the THF ring 
form an almost planar structural unit in which the In atom is tricoordi- 
nated (86). In the crystals, two additional coordinative bonds to two 
bromine atoms of neighboring molecules are present, so that the indium 
is pentacoordinated (see Fig. 5). The molecules are stacked in the c axis, 
whereby the InBr groups so lie that a double chain having alternating In 
and Br atoms is formed. 

In this context, it is relevant that nonbridged K 2 [Fe 2 (CO)g] with 
Ph 3 SnCl or Ph 2 SnCl 2 forms neutral complexes in which, in contrast to 
the corresponding reaction of Na 2 [M 2 (CO) 10 ] (M = Cr, Mo, W), the 
Fe—Fe bond remains intact (87): 

KJFejfCOU + 2Ph3SnCl — PhsSnfOO^e—Fe(CO),SnPh 3 + 2KC1 
KJFejfCOd + 2Ph 2 SnCl 2 -ClPh 2 Sn(OC) 4 Fe—FefCOt^nPhjCl + 2KCI 
Both complexes unequivocally occur as trans-trans isomers (87): 

—Sn — Sn— 

/ / \ / \ \ 

To complete this section, I should like to mention the following re¬ 
markable reactions of Na 2 [M _I, (CO) 5 ] and Na 2 [M 2 _, (CO) 10 ]: 

(1) the formation of cyclobutadiene-metal carbonyl complexes (88) 

Na^MofCOy + || -*- |~ = ^—Mo(CO), + 2NaCl + CO 

(2) the formation of thiocarbonyl complexes (#9) 

Na 2 [Mj(CO) 10 ] + C1 2 CS -> M(CO) 5 CS + 2NaCl + {M(CO) 5 } 

(3) the formation of isonitrile complexes (90) 

Na^CrtCOM + C^CNR—* Cr(CO),CNR+ 2NaCl 
(R = C„H„, CeH 5 ; S0 2 —CjHJ 

(4) the formation of Cr(CO) 4 P 2 I 3 from Na 2 [Cr(CO) 5 ] and P 2 I 4 (91). 
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IV 

REACTIONS OF METAL CARBONYLS AND METAL CARBONYL 
DERIVATIVES WITH LIQUID AMMONIA 

A. Substitution of CO by NH a and Addition of NH a 

In numerous experiments we have found that liquid NH 3 can replace 
CO or other ligands in metal carbonyls or their derivatives and also that 
NH 3 can become an additional ligand bonded to a transition metal. Thus, 
the hexacarbonyls of Group VIB can form pentacarbonylammine or tri- 
carbonylammine derivatives, depending upon the temperature conditions 
(92): 

Cr(CO), + NH, ^ CrtCOJiNHs + CO 
M(CO), + 3NH, MtCO^NHa), + 3CO (M = Mo, W) 

In liquid NH 3 , one CO group can also be replaced by NH 3 in the case 
of the tetracarbonyl complexes M(CO)Jbipy and M(CO> 4 phen. “Mixed” 
species M(CO)^bipy(NH 3 ) or M(CO) 3 phen(NH 3 ) (M = Cr, Mo, W) are 
formed with the remaining CO ligands being in cis positions (92). Mixed 
complexes of the type M(CO) 3 (tfK)L (NN = bipy, phen; L = monoden- 
tate N, P, or S ligand) have been known since 1935 from the work of 
Hieber et al. (93); and a large number, described by other authors, have 
been known for a long time. Our own work in liquid NH 3 allowed the 
first preparation of the respective NH 3 derivatives. 

Although Ni(CO) 4 does not enter into reaction with liquid NH 3 up to 
-33°C, between -25 and 110°C, CO is substituted by NH 3 to give an 
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inseparable mixture of pale-yellow Ni(CO) 3 NH 3 and Ni(CO) 3 (NH 3 ) 3 
which are only stable as solids up to -60°C (94). 

Fischer and Jira (95) treated [Ni(NH 3 ) 6 ](SCN) 2 with CsHjK in liquid 
NH 3 to obtain [Ni(NH 3 ) 6 ](C s H 5 ) 2 . We obtained the same ionic complex 
directly from Ni(T 7 5 -CsH 5 ) 2 in liquid NH 3 (96). We were also able to show 
similar behavior for Re(CO)sX (X = Cl, Br, I) which, on treatment with 
liquid NH 3 at 60 or 120°C for at least 40 h, gives the ionic complexes cis- 
[Re(CO) 4 (NH 3 ) 2 ]X or [Re(CO) 3 (NH 3 ) 3 ]X (97). We similarly obtained an 
ionic pentacarbonylammine complex from Re(CO) s Cl and KSCN in liquid 
NH 3 (97): 

Re(CO)jCl + NH, + KSCN [Re(CO),NH,lSCN + KC1 


B. “Base Reactions" and Disproportionations 

Completely different behavior toward liquid NH 3 is shown by the three 
iron carbonyls Fe(CO) 5 , Fe 2 (CO) 9 , and Fes(CO), 2 (98, 99) and the two 
cobalt carbonyls Co*(CO) 8 and Co 4 (CO), 2 (100). Between -21 and 0°C, 
Fe(CO)# and liquid NH 3 give a homogeneous, pale-yellow solution from 
which Fe(CO) 5 may be recovered on evaporating off the NH 3 . The so¬ 
lution contains the carbamoyl complex NH 4 [(OC) 4 Fe—CONH 2 ] which 
cannot be isolated and which is formed by nucleophilic attack of an NH 3 
molecule on a CO ligand, followed by proton release (101). At 20°C after 
14 days of reaction, (NH 4 ) 2 [Fe(CO) 4 ] and COfNH^j are obtained (99): 

Fe(CO), + 4NH S (NH^JFetCOJ + CCHNH,), 

In contrast to the reactions of M(CO) g (M = Cr, Mo, W), a redox 
system operates here which is comparable, also in terms of the reaction 
mechanism, with the so-called “base reaction” of Fe(CO) 5 (13). The 
reaction of Fe 2 (CO) 9 in liquid NH 3 is similar: 

Fe^CO), + 4NH 3 (NH4)JFe^CO)J + CCHNH,), 

This corresponds to the base reaction of Fe 2 (CO) 9 with alcoholic alkali 
according to the following equation: 

Fe,(CO), + 40H- -» [Fe,(CO),] ,- + CO,* - + 2H,0 

This also leads to the formation of the octacarbonyldiferrate anion 
[Fe 2 (CO)g] 2_ having a nonbridged Fe—Fe bond (13). 

In contrast, the reaction of Fe 3 (CO) 12 in liquid NH 3 is comparatively 
complicated, especially as the time allowed for reaction is of decided 
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importance (99). The primary reaction is disproportionation: 

4Fes(CO)„ + 18NH 3 — 3[Fe(NH s ),J[Fe 3 (CO) 11 ] + 15CO 

After about 14 days, the trinuclear carbonylferrate undergoes further 
reaction with the free CO to form the dinuclear carbonylferrate and - 
Fe(CO) s . 

3[Fc(NH 3 )d[Fe,(CO)n] + 6CO - 3[Fe(NH 3 )«][Fe 2 (CO) 8 ] + 3Fe(CO) 5 

Since, as already described, Fe(CO) 5 reacts to give (NH^FelCOjJ 
and CO(NHi)*, the complete reaction equation for Fe 3 (CO) 12 and liquid 
NH 3 after 14 days of reaction can be described by the following: 

4Fe 3 (CO) ll + 30NH S 3[Fe(NH a )d[Fe i! (CO) 8 ] 

+ StNHdJFetCOJ + 3CO(NHj)* + 9CO 

The polynuclear carbonylferrates and their structure determinations by 
L. F. Dahl have been dealt with in some detail in my lecture The Chem¬ 
istry of Metal Carbonyls: The Life Work of Walter Hieber given at the 
Symposium on Metal Carbonyls in 1974 in Ettal (102). 

The reactions of Co 2 (CO) 8 and Co 4 (CO) 12 in liquid NH 3 have also been 
the subject of our investigations, and in both cases at 20°C dispropor¬ 
tionation of the cobalt occurs with CO elimination. The CO then under¬ 
goes a secondary reaction with still unreacted carbonyl to give sublimable 
NH 4 [Co(CO) 4 ] and CO(NH 2 ) 2 (100): 

(52%) 3Co 2 ®(CO) 8 + 12NH 3 - 2[Co +,1 (NH 3 ) 8 ][Co- , (CO) 4 ] 2 + 8CO 

(48%) Co 2 »(CO) 8 + CO + 4NH 3 - 2NH 4 [Co-*(CO) 4 ] + CO(NH 2 )j 

(94%) 3Co 4 °(CO) l2 + 24NH 3 - 4[Co + "(NH 3 ) 8 ][Co- , (CO) 4 ] 2 + 4CO 

(6%) JCo 4 °(CO)i 2 + 3CO + 4NH 3 - 2NH 4 [C 0 -‘(CO) 4 ] + CO(NH 2 ) 2 

Paramagnetic V(CO) 6 behaves analogously in liquid NH 3 , i.e., dispro¬ 
portionation of vanadium occurs, to give [V +n (NH 3 )8][V _I (CO) 8 ] 2 with 
formation of NH 4 [V(CO)„] and urea (103). 

We have also observed the disproportionation of vanadium in the 
reaction of V(CO) a with the ammono acid NH 4 C1 (103): 

3V«tCO), + 2NH 4 C1 + 6NH 3 - [V +,l (NH a ) 6 ]Cl 2 + 2NH 4 [V-'(CO) 6 ] + 6CO 

The reaction of Mn 2 (CO) 10 with liquid NH 3 at 20°C differs from those 
of the two cobalt carbonyls in that the disproportionation involves the 
formation of the cation/ac-[Mn(CO) 3 (NH 3 ) 3 ] + (104): 

Mn,®(CO),„ + 3NH 3 - [Mn +, (CO) 3 (NH 3 ) 3 ][Mn _I (CO) 5 ] + 2CO 
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Here, as in isoelectronic Cr(CO) 3 (NH 3 ) 3 , the three CO and the three 
NH S ligands are in fac positions. Some of the free CO reduces unchanged 
Mn 2 (CO) 10 , 

Mn,(CO),o + CO + 2NH S -» 2HMn(CO) 5 + CO(NH,) 2 
and some of it carbonylates NH 3 : 

CO + 2NH, -► CO(NHi), + H, 

The reaction of Re 2 (CO) 10 with NH 4 CI in liquid NH 3 at 120°C occurs 
without side reactions, giving quantitative oxidation to /ao[Re(CO) 3 
(NH 3 ) 3 ]C1 with elimination of H 2 (97): 

R ez (CO) 10 + 2NH 4 C1 + 4NH 3 - n ^-^2[Re(CO),(NH a ) a JCl + 4CO + H 2 

There is no doubt that most of the mono- and polynuclear metal car¬ 
bonyls react with liquid NH 3 via nonisolable carbonyl carbamoyl inter¬ 
mediate complexes in which the acid amide group —CONH 2 is directly 
bound to the transition metal. For the reaction of Mn 2 (CO) 10 with liquid 
NH 3 , we have been able to show that, at -78°C, quantitative formation 
of c*-Mn(CO) 4 (NH 3 )—CONH 2 and HMn(CO) 5 occurs (105) according to 
the following reaction: 

-78° -iP 

Mn 2 (CO), 0 + 2NH 3 -—*- Mn(CO),(NHj)C^ + HMn(CO) 5 

NH, 

At room temperature, the secondary reactions already described play 
a part and cause the parallel formation of [Mn(CO) 3 (NH 3 ) 3 ][Mn(CO) 5 ], 
HMn(CO) 5 , CO(NH 2 ) 2 , H 2 , and CO (104). 


C. Carbamoyl Complexes of Transition Metals with the Ligand 
CONH 2 

Two observations that we made in 1966 have been important in molding 
the history of the development of this interesting class of compounds. 
The first involves the reaction of [MnfCOJJCl-HCl with liquid NH 3 at 
20°C (104): 

[Mn(CO)J + + 3NH, -» HMn(CO), + CO(NH,), + NH 4 + 

For this reaction, we proposed a mechanism involving a nonisolable 
intermediate of pentacarbonylcarbamoylmanganese(+I) Mn(CO) 5 CONH 2 
(104). The second involves the reactions of CO with solutions of KNH 2 
in liquid NH 3 (106). In the presence of a large excess of CO, formamide 
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and potassium formamide are formed together, viz: 

20-60° ^.O 

KNH 2 + nCO + (n-ljNHj -•»- HC^ + (n-l)HC^ 

NHK NHj 

In contrast an excess of KNH 2 , depending on the temperature, causes 
formation of hydrogen together with potassium cyanate or dipotassium 
urea: 

KNH 2 + CO > K.OCN + H 2 

2KNH 2 + CO ■> CO(NHK) 2 + H 2 

If this reaction of KNH 2 and CO in liquid NH 3 is extended to coordi- 
natively bonded CO in cationic carbonyl complexes, instead of the for¬ 
mation of formamide, carbonylcarbamoyl compounds of the type 
M(CO)„—CONH 2 result, and instead of H 2 and KOCN (or CO(NHK) 2 ), 
hydridocarbonyls and NH 4 OCN [or CO(NH 2 ) 2 ] are formed. 

The first carbonylcarbamoyl complex that we described, cis- 
Re(CO) 4 (NH 3 )CONH 2 , was obtained by the reaction of Re(CO) 5 Cl with 
liquid NH 3 at 60°C, after a reaction time of only 1 hour, and without CO 
evolution (107): 

1 h, 60“’ 

Re(CO) s Cl + 3NH a -*- Re(CO)„(NH 3 )C'' + NH,C1 

liq- NH 3 NH 2 

The salt [Re(CO) 5 NH 3 ]Cl certainly occurs as an intermediate in this 
reaction. As the ammono acid NH 4 C1 is formed, depending on the tem¬ 
perature, a prolonged reaction time causes m-Re(CO) 4 (NH 3 )CONH 2 to 
give the ionic complexes [Re(CO) 4 (NH 3 ) 2 ]Cl or [Re(CO) 3 (NH 3 ) 3 ]Cl with 
CO elimination: 

S> 40 h, 60° 

Re(CO) 4 (NH 3 )C + NH,C1 -— [Re(CO).,(NH 3 ) 2 ]Cl + CO + NH 3 

nh 2 ifq nh 3 

40 h, 120° 

Re(CO) 4 (NH 3 )C^ + NH,C1-•- [RetCOljtNHjljlCl + 2CO 

NH 2 liq- nh 3 

As early as 1965, Angelici (108) was concerned with the reaction of 
Mn(CO) 5 Cl with primary and secondary aliphatic amines. He initially 
considered the product with MeNH 2 , namely, Mn(CO) 5 (NH 2 Me)(NHMe), 
to be a complex of heptacoordinated manganese. A subsequent X-ray 
structure analysis showed, however, that it is in fact a hexacoordinated 
carbamoyl complex, Mn(CO) 4 (NH 2 Me)CONHMe (109). In continuation 
of these studies, the reaction of cationic CO complexes of various tran- 
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sition metals with primary and secondary amines was investigated by 
Angelici (770); and, in parallel, independent work, our own Erlanger 
group looked systematically at the reactions in liquid NH 3 between -78 
and 120°C. The stabilities and reactivities of the resulting carbamoyl 
complexes with —CON HR and —CONR 2 groups are remarkably differ¬ 
ent from those with the unsubstituted —CONH 2 ligand. 

Following our experiments with Re(CO) 5 Cl, we investigated the be¬ 
havior of Mn(CO) 5 Cl, Mn(CO) 4 (PPh 3 )Cl, and [Mn(CO) 4 (PPh 3 ) 2 ]Cl with 
liquid NH 3 ; and, after very short reaction times (max. 10 min), we were 
able to isolate the three carbamoyl complexes t7.v-Mn(CO) 4 (NH 3 )CONH 2 , 
/flc-Mn(CO) 3 (PPh 3 )(NH 3 )CONH 2 , and fac- Mn(CO) 3 (PPh 3 ) 2 CONH 2 . The 
stabilities of these complexes increase markedly in this order (111). All 
of them react at 60-120°C with NH 4 C1 in liquid NH 3 via CO, or CO and 
PPh 3 , substitution to give ionic [Mn(CO) 3 (NH 3 ) 3 ]Cl. 

The ionic species [Mn(CO) 5 NH 3 ]Cl, [Mn(CO) 4 (PPh 3 )NH 3 ]Cl, and 
[Mn(CO),(PPh 3 ) 2 ]Cl are formed from these carbamoyl complex series by 
reaction with HC1 in C 6 H„, according to the following type of reaction. 

Mn(CO),(NH,)C'' + 2HC1 - [Mo(CO) 5 NH,]C1 + NH,C1 

NHj 

As a general rule, the carbonylcarbamoyl complexes of rhenium are 
considerably more stable than those of manganese. 

In an attempt to isolate the carbamoyl compound Mn(CO) 5 CONH 2 , 
which had earlier been postulated by us as an intermediate in the reaction 
of [Mn(CO)g] + with liquid NH 3 , we carried out the reaction at -78°C. 
However, even under these conditions, the only products were HMn- 
(CO) 5 and NH 4 NCO (112). 

Thus, it may be assumed that, in analogy with the Hofmann acid amide 
degradation, the —CONH 2 group of the carbamoyl complex is oxidized 
to NCO". 

Although, between 20 and 60°C, [Re(CO)«] + behaves similarly to the 
manganese compound, giving the hydridocarbonyl complex HRe(CO) 5 , 
at -78°C, we were able to isolate and characterize, the extremely unsta¬ 
ble Re(CO) s CONH 2 (112): 

. -78° „0 

[Re(CO)„f + 2NH 3 -»- Re(CO),C^ + NH, 

liq. NH 3 NHj 

The behavior of cationic penta- and tetracarbonyl complexes of man¬ 
ganese and rhenium toward liquid NH 3 at various temperatures is sum¬ 
marized in Table I (112). 
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TABLE I 


Cationic starting Temperature 

compounds (°C) Reaction products 


[Mn(CO) 5 PPh 3 ] + -70 

[Mn(CO)sPPh 3 ] + 30 

[Mn(CO)jPEt 3 ] + -70 

[Re(CO)jPPh 3 ] + -33 

[Re(CO)sPEt 3 ] + -78 

/rans-[Mn(CO) 4 (PEt 3 )>] + -33 

frfl«s-[Re(CO)4(PPh 3 )j] + 60 

c/r-[Re(CO) < (PEt 3 ) 3 ] + 60 

cis-[Mn(CO) 4 bipy] + -33 

c/r-[Re(CO) 4 bipy] + 60 

cMMniCO^henr -33 


c/s-Mn(CO) 4 (PPh 3 )CONH 2 

HMn(CO)«PPh 3 + NH4NCO 

HMn(CO)«PEt 3 + NH4NCO 

c/s-Re(CO) 4 (PPh 3 )CONH 2 

cir-Re(CO)4(PEt 3 )CONH 2 

mer-ci.s-Mn(CO) 3 (PEt 3 ) 2 CONH2 

mer-Re(CO) 3 (PPh 3 ) 2 CONH 2 

/ac-ReCCOaiPEta^CONHj 

/ac-Mn(CO) 3 (bipy)CONH 2 

/ac-Re(CO)s(bipy)CONH 2 

/ac-Mn^O^iphenJCONHj 


From these results, it may be concluded that the stabilities increase 
markedly on going from the penta-, through the tetra- to the tricarbon- 
ylcarbamoyl derivatives. As the examples of Re(CO) 5 CONH 2 and 
Re(CO) s CONHMe (113) show, the complexes with —CONHR and 
—CONR 2 ligands are considerably more stable than the comparable 
—CONH 2 compounds. With gaseous HC1, Re(CO) 8 CONH 2 and the car- 
bonylcarbamoyl complexes listed in Table I revert to the cationic starting 
compounds. In the case of Re(CO) 4 (NH 3 )CONH 2 in liquid NH 3 , one can 
observe the elimination of H 2 0 from the —CONH 2 group, 

RelCO^NHaJCONHj + NH 3 —■* RetCOi^NHsJiCN + HjO + CO 

leading to cyanodiamminetricarbonylrhenium(+I) (112). With CH 3 OH, 
the carbamoyl complexes give the respective carboalkoxo derivatives 
(114): 

M(CO) 3 (PPh 3 )jCONH 2 + MeOH M(CO),(PPh 3 ) 2 COOMe + NH 3 

(M = Mn, Re) 

When these results are considered, it is understandable that the pen- 
tacoordinated [Co(CO) 4 PPh 3 ] + cation with NHMe 2 forms the very stable 
/V,N'-dimethylcarbamoyltriphenylphosphinetricarbonylcobalt(+I) spe¬ 
cies Co(CO) 3 (PPh 3 )CONMe 2 , but, with liquid NH 3 at -50°C the products 
are HCo(CO) 3 (PPh 3 ) and NH 4 NCO (115). 

The initial step in all of these reactions is nucleophilic attack of an NH 3 
molecule on a CO ligand of the cation, with formation of a carbamoyl 
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complex and simultaneous release of a proton: 

© © 
[0=C=Co(CO),(PPh s )] + —-*- [0=C-Co(CO) 3 (PPh 3 )] + 



NH„ + + °^C—Co(CO) a (PPhj) 

HjN 


0=C-Co(CO) s (PPh,)| 

. ? J 


In analogy with the Hofmann acid amide degradation, the —CONH 2 
ligand can undergo further oxidation to the NCO group. Here, it is 
assumed that proton elimination takes place, 


o N 

^C-Co(CO) 3 (PPh 3 ) + NH 3 

H s N 


liq.NHa 


^C~Co(CO) 3 (PPh 3 ) 


with reduction of 


^C-Co(CO) 3 (PPh s ) 


occurring via intramolecular transfer of a H~ ion to give HCo(CO) 3 (PPh 3 ) 
and simultaneous oxidation of the (CONH) - group to the resonance- 
stabilized cyanate ion: 


hn' 

© 


Jfc—Co(CO) 3 (PPhj) 


Hq. NHa 


HCo(CO) s PPhj + 


© 0 
[N=C=0]‘-«-*-[IN=C-Ol]‘ 


In contrast to [CoICOJ^PPhalJCl-HCl, the compound Co(CO)s(PPh 3 )I, 
having fewer CO groups, reacts with liquid NH 3 at —35°C to form car- 
bamoyltriphenylphosphineamminedicarbonylcobalt(+I): 

Co(CO) 3 (PPh 3 )I + 3NH, -■- Co(CO),(PPh,)(NH 3 )C^ + NH,I 

NHj 

Infrared data allow us to conclude that the carbamoyl complexes 
Co(CO) 3 (PPh 3 )CONMe 2 and Co(CO) 2 (PPh 3 )(NH 3 )CONH 2 have trigonal 
bipyramidal structures, with the —CONMe 2 and PPh 3 ligands of the 
tricarbonyl compound in axial positions U15). 

Many different examples have shown that the Hofmann acid amide 
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degradation of carbonylcarbamoyl compounds gives hydridocarbonyl 
complexes [together with NH 4 NCO or CO(NH 2 ) 2 ]. Thus, this represents 
a new and interesting synthetic route to this class of compound. If 
[Co(CO) 2 (Ph 2 PCH 2 ) 3 CMe][Co(CO) 4 ], [(Ph 2 PCH 2 ) 3 CMe = l,l,l-tris(di- 
phenylphosphinomethyl)ethane] is allowed to react with liquid NH 3 
for 12 h at 20°C, NH 4 [Co(CO)J is obtained, together with the monocar- 
bonylcarbamoyl complex Co(CO)[(Ph 2 PCH 2 ) 3 CMe]CONH 2 (116): 

[CoCCOl^PhjPCHjJiCCHJtCotCOJ + 2NH, > 


/ H 2- 


? 

X"* \ -C—nh 2 

H 3 C R 2</ C °\ 

\CH— ^C 0 

CH 2— f 


+ NH 4 [(Co(CO)«] 


If this is heated in liquid NH 3 to 60°C, the hydrido complex 
HCo(CO)(Ph 2 PCH 2 ) 3 CMe is formed, together with NH 4 NCO. On the 
basis of IR, 'H-NMR, and 31 P-NMR spectra, the hydrido complex has 
the following structure: 


/ CH ~ P V 

C H--Co 

CH 2 —PRf 


We also investigated the reactions of cationic r) 5 -cyclopentadienylcar- 
bonyl complexes of molybdenum, iron, ruthenium, and osmium with 
liquid NH 3 . 

The reactions of [^-CsHsMoICOyMHgT or [ T> 5 -C 5 H 5 Mo(CO) 3 PPh 3 ] + 
at 20 or 60°C lead to the carbamoyl compounds 
CsH 5 Mo(CO) 2 (NH 3 )CONH 2 and /ra«s-7j 5 -C 5 H 5 Mo(CO) 2 (PPh 3 )CONH 2 , 
respectively (117). Here is further evidence that the tendency to form 
carbamoyl complexes from cationic carbonyl compounds decreases with 
increasing substitution of the CO groups by ligands with lower 7r-acceptor 
character. This is in keeping with the increasing electron density at the 
carbon atoms of the remaining CO molecules, which is characteristically 
manifest in the different reaction temperatures. Thus, this allows for a 
rationalization of the formation of t> 5 -C 5 H 5 Mo(CO) 3 H from [t/ 5 - 
C 5 H 5 Mo(CO) 4 ] + in liquid NH 3 , even at -60°C, whereas rj s - 
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C 5 H 5 Mo(CO) 2 (PPh 3 )H only is formed from [T) 5 -C 5 H 5 Mo(CO) 3 (PPh 3 )] + at 
20°C (117). 

Table II shows a list of neutral carbamoyl complexes that we have 
synthesized from [T) 5 -C 5 H 5 Fe(CO) 2 L] + (L = CO, PPh 3 , PEt 3 ), [( 17 s - 
C 5 H 4 CHPh 2 )Fe(CO) 2 L] + (C 5 H 4 —CHPh 2 = diphenylmethylcyclopenta- 
dienyl; L = CO, PPhs), and [(T, 8 -C 7 H 8 -CPh 3 )Fe(CO) a ] + (C 7 H 8 -CPh 3 = 
triphenylmethylcycloheptadienyl) with liquid NH 3 (118). 

On the basis of solid-state, IR-spectroscopic data for these carbamoyl 
complexes, we had earlier postulated a dimerization of two complex units 
via hydrogen bridges. This was later confirmed by X-ray structure anal¬ 
yses on other carbamoyl compounds (119,122). The dicarbonylcarbamoyl 
complexes always show cis-orientation of the CO ligands. 


R 

\ 

oc -1 

L 


>- 


3C—F 


CO 


(L = CO, PPh 3 .PEt 3; R*V-C 5 H 5 , ■n 3 -C 5 H A -CHPh 2 . T| :, -C 7 H 8 -CPh 3 ) 

The oxidation of these carbamoyl complexes with iodine is interesting, 
as they are converted to the respective isocyanato compounds in accord¬ 
ance with the Hofmann degradation of primary acid amides (118): 


tj s -C 5 H,Fe(CO> 2 C^ 


t)»-C 5 H 5 Fe(CO),NCO + 2HI 


TABLE 11 


Cationic starting 

compounds Carbamoyl compounds 


[ 7J »-C 5 H 5 Fe(CO),]PF 6 
[Tj'-CsHjFelCOJalPPhj)]! 
[ 7 ,‘-C s H 5 Fe(CO),(PEt3)]l 
[ 7) »-C 6 H 5 Fe(CO),(PEt s )]BPh 4 
[ 7J »-C 5 H s Fe(CO) t (NH 3 )]I 
[( 7) *-C s H < -CHPh,)Fe(CO) 3 ]PF 8 
[(t^-CsH,—CHP h a )Fe(CO)j(PPh a )]Cl 
[(t)*-CsH,—CHP h s )Fe(CO)j(PPh3)]BPh 4 
[■>)'-C 7 H»Fe(CO)3]BF < 

(tj s -C 7 H» = cycloheptadienyl) 
[( 7J *-C 7 H,-CPh,)Fe(CO)3]BF 4 


Tj'-CsHjFelCOJjCONHj 
Tj s -C s H s Fe(CO)(PPh3 )CONH 2 
tj‘-C 5 H jFe(CO )(PEt 3 )CONH 2 
No reaction 
No reaction 

(tj‘-C s H 4 —CHPh 2 )Fe(CO) 2 CONH 2 
(r) 5 -C 8 H 4 —CHPh 2 )Fe(CO)(PPh3)CONH 2 
No reaction 

No reaction products could be isolated 
(tj s -C 7 H 8 —CPh 3 )Fe(CO) 2 CONH 2 
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The liberated HI reacts with part of the still-unoxidized carbamoyl com¬ 
plex to give the ionic starting material ti) 5 -C 5 H 5 Fe(CO) 3 ]I: 

s> 

r) 5 -C 5 H„Fe(CO) 2 C^ + 2HI -*- [7j s -C 5 H 5 Fe(CO) 3 ]I + NH„I 

NHj 

We have also been able to prepare new carbamoyl derivatives of 
ruthenium and osmium from their cationic cyclopentadienylcarbonyl 
complexes and liquid NH 3 (119). For these experiments, it was first 
necessary to synthesize the required cationic starting compounds (120), 
as only [t) 5 -C 5 H 5 Ru(CO) 3 ]PF 8 , [i,*-C 5 H 5 Ru(CO) 2 PPh 3 ] + , and [tj 5 - 
C 5 H 5 Ru(CO) 2 C 2 HJPF 8 had been described in the literature. The carba¬ 
moyl derivatives obtained and the respective starting compounds are 
summarized in Table III. 

A contrasting reaction is that of [i 7 5 -C 5 H 3 Ru(CO) 2 (C 2 H 4 )]PF 6 with liquid 
NH 3 , in which addition of an NH 3 molecule occurs with a change of the 
7 r-bonding of C 2 H 4 into the <r-C-bonded compound [i 7 *-C 5 H 5 Ru(CO) 2 — 
CH 2 —CH 2 —rtHJPF,, (119). 

In the case of iron and ruthenium, we were successful in obtaining the 
first dinuclear carbamoyl complexes having ^ (PP = Ph 2 PCH 2 CH 2 PPh 2 ) 
bridges and a —CONH 2 ligand at both metal atoms (119). 

[(r,'-C 5 tg M(CO) s - PP-(OCljMtn'-C.H,)]^ (PF,') a + 4NH, 


(rj 5 -C„H,)M(CO) -pJ>-(OC)M(t; 9 -C s H,) + 2NH,PF, 

U> u® 

< < 

NHj NHj 

(M = Fe, Ru) 


At higher temperatures, all of the cyclopentadienylcarbamoyl com¬ 
pounds of these Group VIIIB metals in liquid ammonia give the respec¬ 
tive hydrido complexes t> 5 -C 5 H 5 M(CO) 2 H (M = Fe, Ru, Os), 17 5 - 
C 5 H 5 Ru(CO)(L)H (L = PPh 3 , PEt 3 ), and (t} 5 -C 5 H 5 )Ru(CO)(H)— 
PP— (H)(OC)Ru(t, 5 -C 5 H 5 ) (119). 

It should be mentioned that the already known cationic complexes 
[M(CO) 3 (PPh 3 ) 2 Cl]PF 8 (M = Fe, Ru, Os) also react with liquid NH 3 to 
give the “noble gas” configurated carbamoyl compounds M(CO) 2 (PPh a ) 2 
(Cl)CONH 2 (M = Fe, Ru, Os). With these compounds, we had made the 
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TABLE III 


Cationic starting 

compounds Reaction products 


[V-CsHaRutCOyPF,, 
[t) s -C 5 H 5 Ru(CO) 2 CNCH 3 ]PF 8 
[t,‘-C s H i Ru(CO) s C 6 H 1( JPF 6 
(CsH l0 = cyclohexene) 
[t) 5 -C 5 H s Ru(CO) 2 NH 3 )PF 6 
[t)‘-CiiH 5 Ru(CO) 2 NCCH3]PF 8 
[Tj^CjHjRuICOuPPhJPFn 
[TjO-CsHjRuiCOJjPEtJCl 
[ 1J s -C s H 5 Ru(CO)(R>)]PF 8 
(R> = Ph 2 P—CH 2 —CH 2 —PPhj) 
[t, s -C s H 8 Os(CO) 3 ]PF 8 U20) 


tj 6 -C s H 5 Ru(CO) 2 CONH 2 
t) s -CsH 5 Ru(CO)(CNCH3)CONH s 
([t) b -C 5 H 8 —RufCOJuNHJPFu) 

No reaction 

t, s -C 5 H 5 Ru(CO)(NCCH 3 )CONH j 
T j s -C 8 H s Ru(CO)(PPh 3 )CONH 2 
T) , -C 8 H s Ru(CO)(PEt 3 )CONH 2 
No reaction 

t) 5 -C s H s Os(CO) 2 CONH 2 


first carbamoyl complexes having a halogen ligand and the metals in the 
oxidation state +11 (119). 

Understandably, these compounds having cis CO groups do not 
undergo a Hofmann acid amide degradation to give the respective hydrido 
complexes. The stability of these Group VIIIB carbamoyl complexes 
increases in the order Fe, Ru, Os. 

The last class of carbamoyl complexes with which we have been con¬ 
cerned has been that with NO + ligands. For preparative and structural 
studies in this area, besides the cationic cyclopentadienylnitrosylcarbonyl 
complexes of Group VIIB (121), the nitrosylcarbonyl metal cations of 
Mo and W offer interesting starting materials (121). 

The results of our work with Mn and Re are summarized in Table IV. 


TABLE IV 


Cationic starting 
compounds 

Carbamoyl 

compounds 

[ 1J »-C s H 5 Mn(CO) 2 (NO)]PF 8 

[ 1J B -C 8 H 5 Re(CO) 2 (NO)]PF 8 

[V-MeC s H 4 Mn(CO) 2 (NO)]PF 8 

[ij'-CsHjMnlCOXCNMeMNOJJPFa 0 

[rjM^MnlCOXCNEtXNOMPF,,- 

[i} B -C 8 H 5 Mn(CO)(PPh 3 )(NO)]PF 8 

[^C^aMnlCOXPEtjPhXNOJJPF, 0 

[^-CsHsMnlCOXAsPhaXNOJPF,, 

{[7 ) 5 -C 8 H s Mn(CO)(NO)] 2 fl'KPF s ) 2 1 ' 

i} s -CsH,Mn(COX N 0 )C 0 N H 2 
i J »-C 8 H 5 Re(CO)(NO)CONH 2 
r f- MeCjH *Mn(CO)(NO)CONH 2 
tj'-CjH jMn(CN Me)( NO)CON H 2 
Tj B -C 8 H 8 Mn(CNEt)(NO)CONH 2 
tj b -C jH „Mn(PPh a)( NO)CON H 2 
T, B -C 5 H 8 Mn(PEt 2 Ph)(NO)CONH 2 
rjt-CsHjMnlAsPhaXNOCONH, 
[ 1J B -C 8 H 9 Mn(NO)CONH 2 ] 2 f 5 I> 


First time prepared. 

PP = Me 2 PCH 2 CH 2 PMe 2 , Ph 2 PCH 2 CH 2 PPh 2 . 
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Fig. 6 


The crystal structure of 7} 5 -C 5 H 5 Mn(CO)(NO)CONH 2 , given in Fig. 6, 
shows that the Mn atom is octahedrally coordinated by the C 5 H 5 , CO, 
NO, and CONH 2 ligands and that the planar carbamoyl group lies in the 
same plane as the Mn atom. Hydrogen-bridge bonds between the car¬ 
bamoyl ligands cause the coupling of two molecules to give dimers {122). 

In the course of this work, we were also able to convert i? 5 - 
C 5 H 5 Mn(L)(NO)CONH 2 (L = CNEt, PEt 2 Ph) with MeOH into the cor¬ 
responding carboalkoxonitrosyl complexes i) 5 -C 5 H s Mn(L)(NO)COOMe. 

The nitrosyl ligand containing carbamoyl complexes of Mo and W are 
given in Table V {121). These compounds could also be converted into 
their carboalkoxo derivatives with MeOH. 

Finally, a comparison of the behavior of the three alkyl carbonyl 
complexes Tj 5 -C 5 H 5 Mo(CO) 3 Me {123), ij 5 -C 5 H 5 Fe(CO) 2 Me {123), and 
C 3 F 7 Fe(CO) 3 (PPh 3 )I {124) toward liquid NH 3 shows completely different 
reaction character. 

Whereas T? 5 -C 5 H s Mo(CO) 3 Me with liquid NH 3 leads to 7j 5 -C 5 H 5 Mo(CO) 2 


table v 


Cationic starting 

Carbamoyl 

compounds 

compounds 

[Mo(CO)3(PP)(NO)]PF 6 

MotCOMPPXNOlCONHj 

[W(CO) 3 (Fl , )(NO)]PF 6 

W(CO)a(PP)(NO)CONH 2 

[W(CO)3(phen)(NO)]PF 6 

W(COMphen)(NO)CONH 2 
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(NH 3 )H (as the trans isomer) and acetamide, T 7 s -C 5 H 5 Fe(CO) 2 Me gives 
the acetyl complex T 7 5 -C 5 H 5 Fe(CO)(NH 3 )COMe via an insertion type 
reaction (123). 

T) 5 -C 1 H s Mo(CO) 3 Me + 2NH a — NH> » ij'-CjHjMotCO^NHaJH + MeCONH 2 
t) 5 -C 1 H s Fe(CO) 2 Me + NH 3 ‘ ,q ' — > V-CjHjFefCOKNHalCOMe 

Our preparation of t) 5 -C 5 H 5 Mo(CO) 2 (NH 3 )H constituted the first iso¬ 
lation of a mixed hydridoammine complex, which cannot be obtained 
from t 7 s -C 5 H 5 Mo(CO) 3 H and NH 3 . The NH 3 can be replaced by py to 
give Tj s -C s H 5 Mo(CO) 2 (py)H. The complex rj 5 -C 5 H 5 Fe(CO)(NH 3 )COMe is 
also interesting in being the first solvent-substituted acetyl complex of 
iron ever prepared. 

In the case of C 3 F,Fe(CO) 3 (PPh 3 )I, even after only a very short reaction 
time, no carbamoyl derivative is formed; but, instead, depending upon 
the reaction time, either CO and PPh 3 substitution to C 3 F T Fe(CO) 2 (NH 3 ) 2 I 
or formation of the ionic complex [C 3 F 7 Fe(CO) 2 (NH 3 ) 3 ]I by addition of 
a further NH 3 molecule occurs. Both compounds have the CO groups in 
cis positions (124). 

To complete this treatment of the manifold types of reactions of the 
paramagnetic chromium complexes Cr(CO)jI and Cr 2 (CO) 10 I (cf. Section 
III ,D), it remains to discuss their behavior toward liquid NH 3 (80). With 
Cr(CO)sI, substitution of three CO ligands by NH 3 and addition of another 
NH 3 molecule gives trans -[CrCCO^NH^JI, which constitutes the first 
preparation of a cationic CO complex of chromium: 

Cr+'lCOy + 4NH 3 -» [Cr +, (CO)t(NH 3 )JI + 3CO 

Based on the mesomerism of dinuclear Cr 2 (CO) 10 I, 
[(OC) 5 Cr°—I—Cr +, (CO) 5 (OC) 5 Cr +I —I —Cr°(CO) 5 ], its reaction with 
liquid NH 3 gives both the rrans-[Cr +l (CO) 2 (NH 3 ) 4 ] + cation and the iodo- 
diamminetricarbonylchromate (0) anion, which is derived from the 
[Cr 0 (CO)jI] - anion by exchange of two CO with two NH 3 molecules. 

Cr,(CO) l0 I + 6NH 3 — [Cr +, (CO),(NH 3 )JlCr # (CO) 3 (NH3)iI] + 5CO 

Based on the foregoing experimental results, the versatility of metal 
carbonyls and their derivatives in their reactions with liquid NH 3 may be 
summarized as follows; (1) substitution of CO or other ligands by NH 3 
without change in the oxidation number of the transition metal in ques¬ 
tion; (2) conversion of covalent carbonyl complexes into ionic compounds 
by addition of NH 3 molecules; (J) “base reactions” in which the transi¬ 
tion metal is reduced to a carbonyl metalate with complementary oxi¬ 
dation of a CO ligand to CO(NH 2 ) 2 ; (4) valence disproportionations with 
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formation of carbonyl metalate anions and hexammine metal cations or 
carbonyl ammine cations; (5) simultaneous valence disproportionation 
and “base reaction"; (6) formation of carbamoyl complexes from cationic 
carbonyl complexes, whereby the former may undergo Hofmann acid 
amide degradation; and (7) insertion of NH 3 in metal carbonyl complexes. 


D. Liquid Ammonia as Solvent for Organometallic Reactions 

Liquid NH 3 is an excellent solvent for a variety of reactions of metal 
carbonyls. Of particular importance are the reactions with the N-heter- 
ocyclic ligands bipy, phen, and terpy, and with CN“. 

Thus, in liquid NH S at 60°C, we were able to react cis- 
Cr(CO) 2 [(Ph 2 P) 2 CH 2 ] 2 (125) with bipy and phen to obtain cis- 
Cr(CO) 2 (bipy) 2 and c/j-Cr(CO) 2 (phen) 2 (126). These complexes cannot be 
obtained from Cr(CO) 6 and the bidentate N ligands directly, as complete 
substitution of all six CO groups occurs to give Cr(bipy) 3 and Cr(phen) 3 
(127), respectively. These reactions are, however, remarkable in that the 
main products are the mixed species ri.y-Cr(CO) 2 [(Ph 2 P) 2 CH 2 ]bipy and 
c/s-CrfCO^KPhjjP^CHdphen (126). We further found that, in liquid NH 3 
at 60°C, tra/ii'-Cr(CO) 2 [(Ph 2 P) 2 CH 2 ] 2 isomerizes to the cis compound 
(126). 

In the case of m-K^CrlCOMCNJJ, with phen a ligand exchange also 
occurs (126): 

[Cr(CO)j(CN)J 4_ + 3phen » Cr(phen) 3 + 4CN - + 2CO 

K[V(CO)g] reacts with 2,2',2"-terpyridyl (terpy) in liquid NH 3 to give 
complete ligand exchange with simultaneous oxidation of the metal (128), 
whereby V(terpy) 2 could be prepared for the first time. 

K[V _i (CO) 8 ] + 3terpy * V°(terpy)2 + K(terpy) + 6CO 

We had earlier observed a similar exchange of bipy with terpy in the 
case of chromium (129): 

Cr(bipy) s + 2terpy > Cr(terpy) 2 + 3bipy 

With bipy or phen, the complex (T 7 5 -C 5 H 5 ) 2 Ni in liquid NH 3 at 120°C 
gives, quantitatively, Ni(bipy) 2 or Ni(phen) 2 (96). 

We were also able to show that Ke[Cr(CN)g] or K 4 [Ni(CN) 4 ] in liquid 
NH 3 more easily undergoes substitution reactions than the corresponding 
isoelectronic Cr(CO) 6 and Ni(CO) 4 (130, 131). Thus, even above -60°C, 
all six CN ligands of K 6 [Cr(CN) 6 ] can be replaced by bipy, phen, terpy, 
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(Ph 2 P) 2 CH 2 , (Ph 2 P) 2 C 2 H 4 , or (Ph 2 As) 2 C 2 H 4 to give the complexes 
Cr(bipy) 3 and Cr(phen) 3 , first prepared by reductive methods by Herzog 
and Taube (132), as well as Cr(terpy) 2 (129), Cr[(Ph 2 P) 2 CH 2 ] 3 , 
CrKPhjPljAHJ.,, and CrUPlhAs^CjjHJ.,. In these reactions, neither the 
formation of such mixed complexes as KJCrfCN^tfN)], 
K 2 [Cr(CN) 2 (bfr'l) 2 ] (bfN = bipy, phen) or K 3 [Cr(CN) 3 terpy], nor the oc¬ 
currence of the analogous salts with PI 5 [#£ = (PhaP^CHd, can be 
observed. It is significant that, even under the most extreme conditions, 
it is impossible to replace more than four of the CO ligands in Cr(CO)„ 
by the aforementioned ditertiary phosphines or arsines (125). 

The isoelectronic counterpart of Ni(CO) 4 , the complex K 4 [Ni(CN)J, 
undergoes reactions similar to those of K 6 [Cr(CN)g] in liquid NH 3 (131). 
At room temperature, the complexes Ni(PPh 3 ) 4 , Ni(AsPh 3 ) 4 , and 
Ni(SbPh 3 ) 4 , first prepared by Wilke et al. (133) by other methods, can be 
obtained. The tendency to complex formation falls markedly along the 
series as the dipole character of the incoming ligands decreases (131). 

Although Ni(CO) 4 first reacts with (Ph 2 P) 2 C 2 H 4 at 200°C to give not 
quite pure Ni[(Ph 2 P) 2 C 2 H 4 ] 2 (134), the same compound can be obtained 
analytically pure from K 4 [Ni(CN)j in liquid NH 3 even at > -33°C. With 
(Ph 2 As) 2 C 2 H 4 , the corresponding complex Ni[(Ph 2 As) 2 C 2 H 4 ] 2 is formed 
(131). 

Whereas in Ni(CO) 4 only two CO groups can be replaced by bipy or 
phen, in [Ni(CN)J 4 “, all of the CN~ ligands can be eliminated to give 
Ni(bipy) 2 and Ni(phen) 2 , which were prepared for the first time by this 
route (131). 

An area that we have examined in some detail is that of the behavior 
of three isoelectronic nitrosylcarbonyls Mn(NO) 3 CO, Fe(NO) 2 (CO) 2 , and 
Co(NO)(CO) 3 in solutions of KCN in liquid NH 3 . With Mn(NO) 3 CO, the 
diamagnetic, dimeric anion [MnlNOMCN)^ 4- with cis NO ligands and 
a Mn—Mn bond is obtained; heating in ethanol causes isomerization to 
the trans form (135). Reduction with potassium in liquid NH 3 causes 
rupture of the Mn—Mn bond to give the extremely unstable monomeric 
[Mn(NO) 2 (CN) 2 ] 3_ which is tetrahedral and isoelectronic with the 
[FeiNO^CNld 2- anion (135). We isolated the latter from Fe(NO) 2 (CO) 2 
with KCN in liquid NH 3 at 60°C, although the singly negatively charged 
anion [Fe(NO) 2 (CO)CN]~ could not be obtained (136). 

We have also used KCN in liquid NH 3 to prepare the compounds 
[Co(NO)(CO) 3 _j(CN) x ] x_ (x = 1, 2, 3) from Co(NO)(CO) 3 by control of 
the respective molar ratios (136). An excess of KCN leads to the red- 
brown K 3 [Co(NO)(CN) 3 ], whereas a molar ratio of nitrosylcarbonyl: KCN 
of 1:1 gives K[Co(NO)(CO) 2 (CN)]. This monocyano complex is very 
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unstable and readily disproportionates into the dicyano complex 
K 2 [Co(NO)(CO)(CN) 2 ] and Co(NO)(CO) a (136). 

The y(NO) frequencies for these three anions decrease with increasing 
CN - substitution so that the [CofNOKCNJa] 3- anion shows the very low 
value of 1485 cm -1 . This anion is isoelectronic with [Ni(NO)(CN) 3 ] 2 ~ 
prepared by Hieber and Fiihrling (137). 

The nitrosylcyano metalates K 2 [Fe(NO) 2 (CN) 2 ] and K 2 [Co(NO)(CO) 
(CN)J react with tetrakis(diphenylphosphinomethyl)methane in liquid 
NH 3 at 120° or 60°C, to give spiroheterocyclic compounds (138): 


2K J [Fe(NO),(CN) J ] 


C(CH s PRj), 


120° 

liquid NH 3 


ON. / 
.Fe 
ON*^ \ 



,NO 

NO 


4KCN 


(R = C„H 5 ) (A) 


2Kj[Co(NO)(CO)(CN) s ] 


C(CH,PR,) 


60° 

liquid 

NHj 


OC^ / 
- -Co 
OIT \ 


\ Jc- 


4KCN 


(R = C,H 5 ) (B) 


Fundamentally, optical isomers of the spiroheterocyclic cobalt com¬ 
plex must exist. Since these compounds could not be separated, we tried 
to synthesize the dicyano derivative under CO substitution by reaction 
with KCN in liquid NH a in the hope that a separation into the optical 
antipodes might be possible. At 120°C, however, the reaction gave, be¬ 
sides K 2 [Co(NO)(CO)(CN) 2 ], a complex in which the C(CH 2 PPh 2 ) 4 ligand 
is tridentate (139): 



The complex tj 5 -C 5 H 5 Mo(NO)(CO) 2 reacts with KCN in liquid NH 3 at 
120°C to give the pentacyanonitrosyl complex K 4 [Mo(CN) 5 NO] by elim¬ 
ination of the CsH 5 ligand and the two CO groups (140). 
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V-CsHuMotNOXCO), + 5KCN -» KJMoCCNJjNO] + 2CO + KC 5 H 5 

The structure of the [Mo(CN) 5 NO] 4- anion has been the subject of 
attention of many authors (141). 

E. Cyanocarbonyl Metalates 

The cyanocarbonylchromates(O) [Cr(CO) 5 CN]~ and cis- 
[Cr(CO) 4 (CN) 2 ] 2 ~, which are formed by the oxidation of [Cr -II (CO) 5 ] 2- 
with aqueous solutions of KCN or with (CN) 2 or ICN have been discussed 
earlier (55, 56). Further studies have shown that the reaction of metal 
carbonyls or their derivatives with solutions of KCN in liquid NH 3 is a 
most advantageous method for the synthesis of new cyanocarbonyl met¬ 
alates of transition metals, since, in liquid NH 3 , alkali cyanides are not 
subject to solvolysis, and also since the broad temperature range of -78 
to +120°C may be employed. Thus, we have been able to obtain quan¬ 
titative yields of the tricyano-tricarbonyl metalates (0)/ac-[M(CO) 3 (CN) 3 ] 3_ 
(M = Cr, Mo, W) by direct reaction of the hexacarbonyls (21): 

M(CO)„ + 3KCN ^ > K JM(CO)^CN)sl + 3CO 

The bipy-substituted tetracarbonyl complexes M(CO) 4 bipy (M = Cr, 
Mo, W) also give the cyanocarbonyl metalates(O) K 2 [Cr(CO) 4 (CN) 2 ] and 
K 3 tM(CO) 3 (CN) 3 ] (M = Mo, W) when treated similarly with KCN in 
liquid NH 3 at 60°C (92). 

It is, however, impossible to use this route to obtain cyanocarbonyl 
metalates having more than three CN _ ligands. The /e/racyanodicarbonyl 
metalates(O) of chromium, molybdenum, and tungsten (126) are readily 
accessible from the dicarbonyl complexes MlCOj^ipya (M = Cr, Mo, 
W), Cr(CO) 2 [(Ph 2 P) 2 CH 2 ] 2 , or Cr(CO) 2 [(Ph 2 P) 2 C 2 H 4 ] 2 (125) with KCN in 
liquid NH 3 at 120°C. 

cii-M(CO)j(bipy), + 4CN~ -» c/j-IMtCO^CN)*]*- + 2bipy 

cis- or /ranr-Cr(CO)^(Ph,P)jC,HJ, + 4CN“ -» cir-[Cr(CO),(CN)J 4 - + 2(Ph,P) 2 C ! H < 

The starting materials M(CO) 2 bipy 2 (M = Mo, W) are obtained in 
quantitative yield when M(CO) g (M = Mo, W) reacts with bipy in such 
high-boiling solvents as decalin or tetralin at 190°C (127). The synthesis 
of Cr(CO) 2 bipy 2 in liquid NH 3 was mentioned earlier (Section IV,D). 

With these studies, and with the exception of the [M(CO)(CN) 5 ] s_ 
anions, we have achieved access to all of the cyanocarbonyl metalates(O) 
and can thus present the following isoelectronic series: M(CO) g , 
[M(CO) 5 CN]-, [M(CO) 4 (CN) 2 ] 2 -, [M(CO) 3 (CN) 3 ] 3 ~, [MCCO^CN),] 4 -, 
[M(CO)(CN) 5 ] 5 -, and [M(CN)e] 6 - (M = Cr, Mo, W). 
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The [M(CN) 6 ] 6_ ions cannot, however, be prepared from carbonyl 
complexes, and only the deep-green chromium compound K 6 [Cr°(CN) 6 ] 
can be obtained by reduction of K 3 [Cr +I,l (CN) 6 ] with potassium in liquid 
NH 3 (142). 

The foregoing series of metal(O) complexes of Group VIB corresponds 
to that of the isoelectronic meta!(+I) compounds of Group VIIB: 
[M(CO)a] + , M(CO) s CN, [MtCO^CN)*]-, [NKCO^CNy 2 -, 
MCOMCNM 3 -, [M(CO)(CN) 5 ] 4 -, and [M(CN)«] 5 - (M = Mn, Re). 

Before we began our own studies, the only known cyanocarbonyl 
complexes of manganese were Mn(CO) 5 CN (143) and K[Mn(CO) 4 (CN) 2 ] 

(144) . We obtained the colorless tricyanotricarbonylmanganate(+I) from 
Mn(CO) 5 Cl and KCN in EtOH at 120°C (145). 

Mn(CO) 5 Cl + 3KCN ^ « K,[Mn(CO),(CN)s] + KCI + 2CO 

This complex is readily prepared in pure form since, in contrast to 
K 3 [Mn(CO)*(CN)J and KCI which are also formed in the reaction, it is 
extremely soluble in liquid NH 3 . Tetracyanodicarbonylmanganate(+I) is 
easily isolated if Mn 2 (CO) 10 reacts with KCN in liquid NH 3 at 120°C 

(145) , 

MnjtCOho + 4KCN > KalMn +, (CO),(CN)J + K[Mn-'<CO),J + 3CO 

whereby the slightly soluble cyano complex is precipitated. This reaction 
is comparable to the disproportionation of Mn 2 (CO) 10 in pure, liquid NH 3 , 
the complex [Mn +I (CO) 3 (NH 3 ) 3 ][Mn _, (CO) 5 ] being formed instead of 
K 3 [Mn +, (CO) 2 (CN) 4 ] and KtMn-'CCO)*] (104). 

As with the pentacyanomonocarbonyl metalates(O) of Group VIB, all 
attempts to prepare [Mn(CO)(CN) 5 ] 4- were unsuccessful. 

With the exception of [Re(CO)(CN) 5 ] 4_ , we have also been able to use 
new reactions in liquid NH 3 to complete the series of possible cyanocar- 
bonylrhenates(+I) (146). Despite numerous attempts by many research 
groups, preparation of Re(CO) 5 CN, isoelectronic with [W(CO) 5 CN] _ , has 
remained elusive. In contrast, we were able to prepare the NH 3 -substi- 
tuted derivative/ac-Re(CO) 3 (NH 3 ) 2 CN from Re(CO) 5 Cl and KCN (molar 
ratio 1:1) in liquid NH 3 at 120°C, and by removal of H 2 0 and CO from 
the carbamoyl complex tzs-Re(CO) 4 (NH 3 )CONH 2 in liquid NH 3 at the 
same temperature (112, 146). 

Re(CO)/NH3)CONH 2 + NH, ReCCO^NH^sCN + H z O + CO 

Although Re(CO) 5 Cl reacts with KCN in methanol at 100°C to give cis- 
K[Re(CO) 4 (CN) 2 ] (147), as our experiments have shown, with excess 
KCN in ethanol the product is/ac-K 2 [Re(CO) 3 (CN) 3 ] (146). This tricyano 
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complex cannot be prepared in liquid NH 3 even with excess KCN and 
at 120°C. These conditions lead to /ac'-K[Re(CO) 3 (CN) 2 NH 3 ], which is 
also formed from [RelCOUNHalJCl and KCN at 120°C in liquid NH 3 . 

For the preparation of c/s-K 3 [Re(CO) 2 (CN)J, our starting material was 
the salt {Re(CO) 2 [(Ph 2 P) 2 C 2 HJ 2 }Cl, which we treated with KCN in 
ethanol at 200°C {146). 

All attempts to obtain cyanocarbonylvanadates starting from V(CO) 6 
have been unsuccessful, since, with KCN in liquid NH 3 , disproportion¬ 
ation occurs {103). 

3V(CO)„ + 6KCN KJV+'HCNJJ + 2K[V-*(CO)J + 6CO 

This different behavior of V(CO) 6 toward KCN in liquid NH 3 , com¬ 
pared to Mn^COlw, can be explained in terms of the especially high 
stability of the [V(CO) 6 ] _ anion. However, Rehder {148) has been able to 
spectroscopically characterize [Ph 4 P] 2 [V(CO) 5 CN], which he precipitated 
from the yellow solution formed by UV irradiation of Na[V(CO) 8 ] and 
NaCN in liquid NH 3 at -50 to -60°C. Thus, the isoelectronic series 
[V-'(CO) 5 CN]*-, [Cr°(CO) s CN]-, and Mn +, (CO) s CN can be considered 
complete. 


F. Mixed Cyanocarbonyl Metalates Prepared from Metal 
Carbonyl Derivatives and NaN(SiMe 3 ) 2 

In the course of our studies on the preparation of cyanocarbonyl met¬ 
alates, especially those of Groups VIB and VIIB, encouraged by our 
successful synthesis of the "mixed” cyanocarbonyl complexes 
Re(CO) 3 (NH 3 ) 2 CN and [Re(CO) 3 NH 3 (CN) 2 ]~, we extended our work to 
include the preparation of further complexes containing ligands other 
than CO and CN". 

For such experiments, however, liquid ammonia is not suitable. A 
much more promising reaction offered by that discovered by Wannagat 
and Seyffert (149) involves treatment of sodium bis(trimethylsilyl)amide 
with mononuclear metal carbonyls in which nucleophilic attack of the 
silyl amide on a CO ligand leads to monocyanocarbonyl metalates. 

Fe(CO)j + NaN(SiMe 3 ) 2 Na[Fe(CO) 4 CN] + 0[SiMe 3 | 2 

Ni(CO)« + NaNfSiMe^—Na[Ni(CO) 2 CN] + 0[SiMe„] 2 

In the first instance we used this method on many different monomeric 
metal carbonyl derivatives, and thereby obtained numerous new mono- 
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nuclear monocyanocarbonyl metalates not accessible by other routes. 
These are summarized in Table VI. 

Most of these new monocyanocarbonyl metalates react with acids, 
Mel, [Me 3 0]BF 4 , [Et 3 0]BF 4 , R 3 EX (R = Me, Et, Ph; E = Si, Ge, Sn; X 
= Cl, I), and thus are protonated, deuterated, silylated, germylated, or 


TABLE VI 


Starting compounds 

Monocyanocarbonyl 

metalates 

Reference 

Cr(CO) 5 py 

t7A'-Na[Cr(CO) 4 (CN)py] 

150 

Cr(CO) 5 CNC 6 H„ 

(CNC e H u = cyciohexyl isonitrile) 

ds-Na[Cr(CO) 4 (CN)CNC e H 11 ] 

150 

Cr(CO) 5 NCCMe 3 
(Me 3 CCN = pivalonitrile) 

ra-Na[Cr(CO) 4 (CN)NCCMe 3 ] 

151 

Mn(CO)jX(X = Cl, Br) 

ds-Na[Mn(CO) 4 (CN)X] 

152 

Re(CO)isX(X = Cl, Br) 

ns-Na[Re(CO) 4 (CN)X] 

152 

C^.fefCO), 

Na[(C 4 H 6 )Fe(CO) 3 CN] 

150 

(C4H„ = butadiene) 



C 5 H 8 Fe(CO) 3 
(C 5 H 8 = 1,3-pentadiene) 

Na[(C 5 Hg)Fe(CO) 3 CN] 

153 

C 6 H 8 Fe(CO) 3 
(C 5 H 8 = isoprene) 

Na[(C 8 Hg)Fe(CO)jCN] 

154 

C 8 H 8 Fe(CO) 3 

C 8 H 8 = 1,3-cyclohexadiene) 

Na[(C 8 Hg)Fe(CO) 3 CN] 

150 

C,H 1() Fe(CO) 3 
(C 6 H 10 = 1,3-hexadiene 

Na[(C 6 H 10 )Fe(CO) 2 CN] 

153 

C 8 H 10 Fe(CO) 3 

C 8 H,o = 2,3-dimethylbutadiene) 

Na[(C 8 H ,„)Fe( CO) 8 CN] 

153 

C 7 H 10 Fe(CO) 3 

(C 7 H 10 = 1,3-cycloheptadiene) 

Na[(C 7 H,„)Fe(CO) 2 CN] 

154 

C 8 H 8 Fe(CO) 3 

(C 8 H 8 = cyclooctatetraene) 

Nat(C 8 H 8 )Fe(CO) 2 CN] 

150 

C 8 H, 4 Fe(CO) 3 

(C 8 H u = 2,5-dimethyl-l,3-hexadiene) 

Na[(C 8 H 14 )Fe(CO) 2 CN] 

154 

C,H 8 Ru(CO) 3 

(C„H 8 = 1,3-cyclohexadiene) 

Na[(C 8 Hg)Ru(CO) 2 CN] 

155 

C 6 H 10 Ru(CO) 3 

C 6 H,„ = 2,3-dimethylbutadiene) 

Na[(C 8 H i„)Ru(CO) 2 CN] 

155 

C 7 H 10 Ru(CO) 3 

(C 7 H,o = 1,3-cycloheptadiene) 

Na[(C 7 H,„)Ru(CO) 2 CN] 

155 

CgHsRu(CO) 3 

(CgHg = cyclooctatetraene) 

Na[(C 8 Hg)Ru(CO) 2 CN] 

155 

C 3 H 5 Mn(CO) 4 

Na[(C 3 Hj)Mn(CO) 3 CN] 

157 

C 3 H 5 Re(CO) 4 

Na[(C 3 H5)Re(CO) 3 CN] 

157 

C 3 HsFe(CO) 2 NO 
(C 3 H 5 = i7 3 -allyl) 

NaKCgHJFefCOKNOKCN)] 

157 
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stannylated, giving the corresponding neutral hydrogen isocyanides or 
isonitrile compounds with CNH(CND), CNR, or CNER 3 ligands, respec¬ 
tively ( 152 , 155 - 157 ). 

Spectroscopic data show that the olefin monocyanocarbonylferrates 
and -ruthenates and their derived isonitrile complexes occur as two iso¬ 
meric forms, in which the CN - or isonitrile ligand occupies either an 
apical or basal position in a square-pyramidal structure. 

The X-ray structure of the monoclinic C6H 8 Fe(CO) 2 CNEt (Fig. 7) 
(CgHg = 1,3-cyclohexadiene) shows that the isonitrile ligand CNEt, a CO 
group, and two C atoms of the diene part of the CgHg ring occupy the 
basal positions of a square pyramid, with the second CO molecule at the 
apex ( 158 ). 

We have also been interested in the behavior of dinuclear metal car¬ 
bonyls and their derivatives toward NaN(SiMes) 2 . With MngCCO),,, and 
Re^CO),,,, we obtained the monocyano-enneacarbonyldimetalates(O) 
NalMn^COl.CN] and NalRe^COlgCN] ( 153 ). Their structures can be 
derived from those of the parent carbonyls by replacement of a CO group 
by the isoelectronic CN - ligand. The corresponding isonitrile complexes 
Mng(CO) 9 CNR (R = Et, SiMe 3 , GeMe 3 , SnMe 3 , PPha) also have linear 
Mn—Mn—CNR units ( 159 ). 

Thus, it is also characteristic of the dinuclear metal carbonyls that only 



Fig. 7 
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one CO ligand is replaced by a CN" anion. The nucleophilic attack of 
NaNCSiMe^j on the mixed carbonyl MnRe(CO) 10 occurs only at the 
equatorial CO of the rhenium, so that the CN~ ligand in the 
[MnRe(CO) 9 CN]“ anion is undoubtedly bonded to the rhenium and not 
to the manganese (160). 

In the cases of the olefin-bridged, iron complexes (OC) 3 Fe(olen)Fe(CO) 3 
(olen = cyclooctatetraene, l,l'-di-2,4-cyclohexadienyl, 1, l'-di-2,4-cyclo- 
heptadienyl), we have again shown that reaction with NaN(SiMea) 2 leads 
exclusively to the corresponding monocyano complexes [(OC) r 
Fe(olen)Fe(CO) 2 CN]- (155). 

In its reactions with metal carbonyl derivatives having ligands bearing 
acidic C—H bonds, NaN(SiMe 3 ) 2 behaves as a proton acceptor as the 
silyl amide is a strong base (161). 

We have thus been able to show that the acetonitrile-pentacarbonyl 
complexes M(CO) 5 NCMe (M = Cr, Mo, W) and cycloheptatriene-iron- 
tricarbonyl C 7 H g Fe(CO) 3 are deprotonated as follows, without attack at 
the CO ligands (151). 

M(CO)jNCCH 3 + NaN(SiMea)* NafMtCCOsNCCHJ + HNfSiMej),. 

(M = Cr, Mo, W) 

C 7 HgFe(CO) 3 + NaN(SiMej) s -► Na[C 7 H 7 Fe(CO)J + HN(SiMea) 2 

On the basis of the ‘H-NMR spectra of the monocyanomethanidopen- 
tacarbonyl metalates of Group VIB, we consider that these anions exist 
as a tautomeric mixture: 

© ® © r - 1" 

[(OC) 5 M—N=C —CH,] -— ©^N=C=CH S 

|_(oc) 5 m J 


© 

[(OC) 5 M-CH,-C=N|] - 

The [C 7 H 7 Fe(CO) 3 ] _ anion, with its eight n electrons in the C 7 H 7 ring 
was for many years the subject of numerous theoretical treatments and 
discussions. 

Molecular orbital calculations by Hofmann (162) indicated that an rj 3 - 
allyl anion complex with a noncomplexed butadiene group is more stable 
than an Tj 4 -butadiene complex, in which the allyl anion portion of the 
seven-carbon ring is not bonded to the metal. We have now been able to 
confirm this result by an X-ray structure analysis (see Fig. 8) on 
[Ph 4 As][C 7 H 7 Fe(CO) 3 ] (163). 


© HN— CHCH 
(OC),M""' 
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Fig. 8 


An ORTEP plot of the [C 7 H 7 Fe(CO) 3 ]~ anion shows that the C 7 H 7 ring 
indeed consists of an allyl anion and a diene system. Because only the 
four 7r electrons of the allyl anion are involved in bonding to the iron, it 
has the krypton configuration. Of the numerous reactions of the 
[C 7 H 7 Fe(CO) 3 ]“ anion, those with chloroformic esters are particularly 
interesting in the present context. These reactions lead to ester-substi¬ 
tuted cycloheptatriene-irontricarbonyls, namely, 7-R—C 7 H 7 Fe(CO) 3 and 
1-R—C 7 H 7 Fe(CO) 3 (R = MeOCO, EtOCO) (164). 

The 7-isomers are saturated esters, and the 1-isomers are a,/3-unsatu- 
rated esters. With Et 3 ECl (E = Si, Ge), only the 7-isomers Et 3 E- 
C 7 H 7 Fe(CO) 3 are formed with the Et 3 E group at the sp 3 -hybridized C 
atom of the ring (164). The reactions of the extremely nucleophilic 
[C 7 H 7 Fe(CO) 3 ] _ with the electrophilic [CgH 7 Fe(CO) 3 ] + or [C 8 H 7 Fe(CO) 2 
CNEt] + cations led to the first preparation of a dinuclear iron complex 
having the metal atoms bridged by a cyclohexadienylcycloheptatriene 
group (165): 



(L = CO, CNEtl 


V 

REACTIONS OF METAL CARBONYLS AND METAL CARBONYL 
DERIVATIVES WITH THE MULTIDENTATE NITROGEN LIGANDS 
blpy, phen, AND terpy 

Our reactions with liquid NH 3 have repeatedly prompted us to inves¬ 
tigate the behavior of metal carbonyl derivatives toward the N-hetero- 
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cyclic ligands bipy, phen, and terpy in suitable solvents, which is the 
subject of the following section. 


A. Titanium and Vanadium 

Quantitative replacement of the cyclopentadienyl and CO ligands oc¬ 
curs in the reactions of (T} 5 -C 5 H 5 ) 2 Ti(CO) 2 (166) and t} 5 -C 5 H 5 V(CO) 4 (128) 
with phen or terpy to give the metal(o) complexes Ti(phen) 3 , Ti(terpy) 2 , 
and V(terpy) 2 . The complex V(terpy) 2 is also formed by the reaction of 
terpy with V(CO) 4 [(Ph 2 P) 2 C 2 H 4 ] or V(CO) 2 [(Ph 2 P) 2 C 2 H 4 ] 2 (167). The latter 
phosphine-substituted paramagnetic vanadium compounds were first pre¬ 
pared by us from V(CO) 6 . In contrast to bipy and phen, below 80°C, the 
complex V(CO) 4 [(Ph 2 P) 2 C 2 H 4 ] undergoes disproportionation to give 
[V + "(bipy) 3 ]{V->(CO) 4 [(Ph 2 P) 2 C 2 H 4 ]} 2 or [V + "(phen) 3 ]{V-'(CO) 4 [(Ph 2 P) 2 - 
C.HJ}, (167). 


B. Chromium, Molybdenum, and Tungsten 

Although all six of the CO ligands of Cr(CO) 6 can be replaced by bipy 
or phen to give Cr(bipy) 3 or Cr(phen) 3 , for Mo(CO) 6 and W(CO) 6 , even 
extreme temperature conditions only allow for a maximum substitution 
of four CO groups (127). With terpy, on the other hand, total replacement 
occurs with all three hexacarbonyls, giving M(terpy) 2 (129). The reactions 
of [T>*-C 5 H 5 Mo(CO)a] 2 with bipy, phen, or terpy follow a similar pattern, 
giving c/s-Mo(CO) 2 (bipy) 2 , c/s-Mo(CO) 2 (phen )2 or Mo(terpy) 2 (166). The 
reaction of tj 3 -C 7 H 8 M(CO) 3 (M = Mo, W; C 7 H 8 = cycloheptatriene) with 
bipy or phen (NN) in nonpolar solvents allowed us to obtain the CO- 
bridged diamagnetic complexes 


o 

(NN)(OC) 2 M^==M(CO) 2 (NN) 

o 

which probably contain metal-metal double bonds (168). Thus, besides 
the mononuclear types MICOI^l^N) and M(CO)a(b5N) 2 (127), it was also 
possible to prepare for the first time dinuclear CO-bridged Group VIB 
carbonyl complexes with bipy and phen (168). 

In polar solvents (L = MeOH, Et 2 0, THF, MeCOMe, or MeCN), 
however, the tj 6 -C 7 H 8 M(CO) 3 (M = Mo, W) compounds with r4bl (bipy, 
phen) give the mixed mononuclear complexes /ac-M(CO) 3 (NN)L (168)-, 
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and, in the presence of X" (X = Cl, Br, I, CN, NCS, N 3 , SH), the same 
reaction leads to the anions/ac-[M(CO) 3 (NfNl)X]~ (169). These observa¬ 
tions opened a route for the synthesis of numerous "mixed” neutral 
complexes of the type M(CO)a(NN)L, where X - is replaced by NH 3 , py, 
PPh 3 , PPh 2 Cl, or S0 2 , as has already been partially described (170). 

The coordinatively unsaturated complexes [M(CO) 3 (r4N)] 2 are ex¬ 
tremely reactive. With polydentate N and P ligands, new mono- or di- 
nuclear bridged mixed-ligand complexes are formed by fission of the CO 
bridges. Examples are given in Table VII (171, 172). 

The CO ligands are in all cases facial to the molybdenum. The com¬ 
plexes [Mo(CO):)(NN)MNH 2 —CflH*—NHJ and [MoICO^nN)], 
[NH^CH^NHJ have the following structures: 



Remarkably, [Mo(CO) 3 bipy] 2 is reduced by Nabipy to [bipy(OC) 3 Mo— 
Mo(CO) s bipy] 2- with a nonbridged metal-metal bond and cis CO ligands 
(173). With this reaction, we were able to prepare the first example of a 
derivative of the [Mo 2 (CO), 0 ] ,_ anion in which four CO groups are re¬ 
placed by two bipy molecules. 

The neutral complex bipy(ON)(OC) 2 Mo—Mo(CO)*(NO)bipy, prepared 
from [Mo(CO) s bipy] 2 and NO, is isosteric with the [bipy(OC) 3 Mo— 
Mo(CO) 3 bipy]*~ anion (174). This also has a nonbridged structure having 
a Mo—Mo bond with the NO ligands occupying the axial positions in the 
double octahedron. 

Further examples of dinuclear CO-bridged compounds of Group VIB 
are the complexes [Mo(CO)gLJ 2 , which we have synthesized from 
C T H 8 Mo(CO) 3 (C t H 8 = cycloheptatriene) and maleic and fumaric esters 
(L) (175, 176). 
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TABLE VII 


Mononuclear complexes Dinuclear complexes 


Mo(CO)a(f^N)(o-NH 2 —CsH 4 —NHj) [MoICOIjd^IJ^-NH^eH^—NH,) 

Mo(CO)a(I'JN)(m-NH 2 —C«H 4 —NH*) [MoICOy^MNH^CH^NHJ 

(n = 3-7) 

Mo(CO)a(NSl)(p-NH 2 —CeH 4 —NHj) [Mo(COyi'ffil)] 2 [Ph 2 P(CH 2 ), l PPh 2 ] 

(n = 1-3) 

MolCOWKfaXPhjPPPhJ 

Mo(COyNfN)[Ph 2 P(CH 2 ) 1 I PPh 2 ] 

(n = 1-3) 


When treated with I 2 (molar ratio 1:1), the CO-bridged species 
[M(CO)rfMK)], is oxidized to the diamagnetic iodine-bridged molybde¬ 
num^ I) complexes 


^ /K ^ 

(NN)(OC) 2 M--M(CO) 2 (NN) 

which we also obtained {177) from MfCO^hTN) and I 2 in the molar ratio 
of 2:1. 

In contrast, the reactions of M(CO);>(hrN) 2 with iodine lead to the ionic 
dicarbonyl metal(-t-II) compounds [M(CO)i!(t4N) 2 I]I or [M(CO) 2 (l'fN) 2 I]I 3 
(M = Mo, W) with heptacoordinated metals in the cations (178). 


C. Iron and Cobalt 

Studies by Hieber and Lipp (179) showed that with bipy Fe(CO) 5 
undergoes disproportionation to [Fe(bipy)a][Fei(CO) u ]. Similar reactions 
occur with other N bases (13), which means that Fe(CO) 5 cannot be used 
as a starting material to obtain substitution products with N ligands. We 
have, however, found that Fe(CO) 2 terpy can be formed from [ry 5 - 
CjHsFelCOJJi! or CgH g Fe(CO) 3 (CgH g = cyclooctatetraene) and terpy 
(180, 181). In the trigonal-bipyramidal complex, both CO molecules are 
cis-oriented. 

It is well known that Cou(CO) g disproportionates on treatment with 
the N bases NH 3 and nN (hfN = bipy or phen) to give co¬ 
balt!+II)bis[tetracarbonylcobaltate(-I)] with the cations [Co(NH 3 ) 6 ] 2+ or 
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[Co(NN)a] 2+ (13). Using the reaction of (nor-C 7 H 8 ) 2 Co 2 (CO) 4 (nor-C 7 H 8 = 
norbornadiene) with ffN in nonpolar solvents, we were able, however, 
to prepare Co^COUbfN^, which are the first real substitution products 
of Co 2 (CO) 8 with N ligands (182)\ they have the same, CO-bridged struc¬ 
tures as Co^COlg with each of the metal atoms having two terminal CO 
ligands replaced by bfN in cis positions. The same method allowed us to 
synthesize the diphosphine-substituted complex Co 2 (CO) 4 [(Ph 2 P) 2 C 2 H 4 ] 2 , 
which is oxidized by I 2 to Co(CO) 2 [(Ph 2 P) 2 C 2 H,,]I and reduced by sodium 
to Na{Co(CO) 2 [(Ph 2 P) 2 C 2 HJ} (182). In contrast, (C 6 H 8 ) 2 Co 2 (CO) 4 (C B Hg = 
1,3-cyclohexadiene) with bft'J does not undergo disproportionation into 
Co(+II) and Co(-I), but into Co(+I) and Co(-I) (182). 

(C 6 H 8 ) 2 Co. ! (CO) 4 + 3(NN) -> [Co^r^iJlCo-KCOJJ + 2C*H* 

We have also reacted Co 2 (CO) 8 with l-diphenylphosphino-2-diethyl- 
aminoethane [Ph 2 P—C 2 H 4 —NEt 2 (PN)] and obtained [QHCOIalPNOJ- 
[Co(CO)J or Co 2 (CO) e (P?J) 2 , depending upon the reaction conditions 
(183). The Pfa ligand is always monodentate, bonding to the cobalt ex¬ 
clusively via the phosphorus. Both (PN) ligands in the [Co(CO)a(PN) 2 ] + 
cation are in the axial positions of a trigonal bipyramid and are also in 
trans positions in the nonbridged COj!(CO)e(Pfr) 2 (183). 

That the PN ligands in Co 2 (COUPfr) 2 , which can also be obtained 
from Co!i(CO)^nor-C 7 Hg) 2 (nor-C 7 H 8 = norbornadiene) and PN via elim¬ 
ination of metallic cobalt, are monodentate is readily shown by N-meth- 
ylation with Mel to give the [Co^COUPhjP—CH 2 CH 2 — Et 2 Me) 2 ] 2+ 
cation (183). 


VI 

HIGH-PRESSURE SYNTHESES 

At the beginning of this review, I mentioned that in my dissertation, 
over 40 years ago, I was concerned with high-pressure synthesis of metal 
carbonyls from anhydrous metal halides. As is often the case, the later 
periods of one's scientific life often see one remembering and returning 
to the first areas of interest. This has also been true for myself, and in 
recent times my group has been able to prepare numerous known and 
unknown derivatives of Co 2 (CO) 8 in one step by high-pressure synthesis 
using cobalt metal, the pertinent ligand, and CO. Several examples are 
given in Table VIII (184). 
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TABLE VIII 


Starting 

compounds 

Temperature 

CC) 

CO 

pressure 

(bar) 

Time 

(h) 

Reaction 

products 

Co + bipy + CO 

180 

200 

24 

[Co(bipy)j][Co(CO)J 2 

Co + phen + CO 

180 

200 

24 

[Co(phen) 3 ][Co(CO)J 2 

Co + (I’lV + CO 

150 

200 

12 

[Co^PP)a(CO)J[Co(CO)J 2 

Co + PPh 3 + CO 

200 

200 

72 

Co^COUPPhJ, 

Co + (fN)‘ + CO 

180 

350 

48 

CojlCOUPN), 

Co + SnCl 2 + CO 

200 

200 

72 

[ColCOlJjSnCl, 
[CofCOJJsSnCI + CoCl 2 

Co + InCl + CO 

200 

200 

72 

{[Co(CO)J 2 In(M-Cl)} 2 

Co + PPh 3 + SnCl 2 + CO 

200 

200 

72 

[Co(CO) 3 PPhj] 2 SnCl 2 

Co + (0Pl) + SnCl 2 + CO 

180 

300 

36 

[ColCO^IWkSnCU 

Co + (l*fo) + Cd + CO 

180 

300 

48 

[Co(CO)a(^N)] 2 Cd 

Co + (PU) + HgBr 2 + CO 

180 

350 

48 

[Co(CO)a(^N)] 2 Hg + CoBr 2 


■ P?> = Ph 2 P—C 2 H,—PPh 2 . 
*PN = Ph 2 P—C 2 H 4 —NEtj. 


VII 

CONCLUSIONS 

I hope to have shown in this review that our work on reactions in 
liquid NH 3 has contributed to the development of the preparative chem¬ 
istry of metal carbonyls, especially in the field of anionic carbonyl met- 
alates, and that it has initiated new impulses and ideas for further ad¬ 
vances in this still very active area of organometallic chemistry. 

One's own scientific activities are, as a matter of course, always de¬ 
pendent upon and closely bound to the situations of the times. Thus, it 
is understandable that the fateful developments in Germany in the 1930s 
and 1940s had grave effects upon my own generation. The beginning of 
World War II occurred at exactly the time when I began my first inde¬ 
pendent studies in the area of metal carbonyls. This not only caused 
numerous plans for the future to be abandoned but also meant that many 
valuable research years were lost, particularly as a result of the fact that, 
by the end of the war, the Munich Institute was almost totally destroyed. 
In this respect, Hieber is to be sincerely thanked, for it was largely 
through him that his Institute, of which I was a member until 1962, so 
rapidly regained its international reputation, which could not have been 
expected in 1945. 
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Looking back at the tempestuous and fascinating progress in the chem¬ 
istry of metal carbonyls that has occurred over the past 40 years, and 
which, at the beginning, were unimaginable, the question automatically 
arises of how the future might be. In this connection, I can vividly 
remember the comments of Hieber, particularly at the beginning of the 
1950s, as he thought that the chemistry of metal carbonyls would soon 
be exhausted. This was, of course, during the period prior to the onset 
of the exciting developments in the organometallic chemistry of the tran¬ 
sition metals, beginning in the mid-1950s, which naturally had an enor¬ 
mous influence on the study of metal carbonyls and which allowed this 
area to break away from its more classical character. 

Whether this rate of advancement will increase, or perhaps decrease, 
is difficult to predict. Based on the experience of the past, however, it 
seems definite that chemists all over the world will continue to offer new 
and fundamental ideas for further growth in organometallic chemistry, 
even though one sometimes thinks that nothing new can possibly develop. 
If this does occur, it is certain that, as in the past, many other areas of 
chemistry will be markedly influenced. 

In this general context, I am sure that studies of reactions in liquid 
NH 3 can also play an interesting role in the future, particularly when it 
is increasingly recognized that experimentation with liquefied gases pre¬ 
sents no great difficulty. 

Finally, I wish to acknowledge that this research has been primarily 
the result of the efforts and enthusiasm of very many co-workers and 
students during both good and bad times. 
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I 

INTRODUCTION 

A. Historical Development 

The historical development of alkyllithium-initiated polymerization of 
olefins and diolefms for the synthesis of elastomeric materials is of in¬ 
terest not only because of its scientific and technological significance but 
also because of the insight it provides into the thinking and methodology 
of polymer (elastomer) researchers. 

The lithium and alkyllithium initiation of diene polymerization has, 
from the earliest times, remained in the shadow of other, apparently 
more important, initiator systems. However, it has now become clear 
that the alkyllithium catalyst is the most efficient, initiator system at 
present available for diene polymerization. That organolithium initiators 
are not used much more widely is due largely to economic considerations, 
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which favor continued operation of older and less efficient plants utilizing 
free-radical or coordination-catalyzed processes rather than converting 
or building new plants based upon alkyllithium initiators. 

The earliest mention of lithium initiation of diene polymerization was 
in 1910-1913 (1-3). It is quite likely that this was conceived in the fertile 
imagination of a patent lawyer, rather than the scientists involved, as all 
of the experimentation reported involved sodium and potassium. 

A great deal of work was subsequently performed on sodium-initiated 
formation of polybutadiene involving elemental sodium, as well as with 
complex mixtures such as the Alfin catalyst. Although polybutadiene 
rubber of reasonably good quality was obtained, the synthetic processes 
were inefficient. Basic work done by Ziegler (4-6) during this early period 
involved alkyllithium addition to dienes in ether and, as will be discussed 
later, gave polymer structures quite similar to sodium-initiated polymers. 
Thus, the early work on lithium-initiated diene polymerization was per¬ 
formed in order to supplement the extensive studies on sodium, and only 
later were the unique differences between sodium and lithium catalysts 
recognized. 

The emulsion SBR (styrene-butadiene rubber) developed in the 1940s, 
utilizing free-radical initiation, was of enormous benefit to tire technol¬ 
ogy. The improvement in performance and cost of SBR over natural 
rubber in tire treads firmly established the utility of synthetic rubber. 
The success of emulsion SBR led to further research. As a result, the 
percentage of natural rubber in rubber produced since that time has been 
steadily declining, and extensive research efforts have been carried along 
on a continuing basis to develop even better synthetic elastomers. 

The development of organometallic initiators, both of the lithium type 
and of the transition-metal coordination type, occurred rapidly in the 
decade following the late 1950s. The lithium initiators were developed 
without the fanfare of coordination-type initiators. This situation devel¬ 
oped because of the remarkable ability of the coordination catalysts to 
induce stereospecific polymerization of a-olefins. 

The coordination catalysts were quickly extended to dienes and found 
to produce the long-sought objective of a '‘synthetic” natural rubber, 
i.e., c/j-l,4-polyisoprene. cis- 1,4-Polybutadiene was also quickly pro¬ 
duced. These were, and still are, erroneously referred to as stereo rub¬ 
bers. They are actually unique geometric isomers rather than stereoiso¬ 
mers, but the name stereo rubber became established probably because 
of the relationship in time and catalyst usage to stereo olefin polymeri¬ 
zation. 

Alkyllithium initiation does not have the specificity of the coordination 
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catalysts. Thus, polyisoprene made by using alkyllithium, although it has 
greater than 90% c/s-1,4 content, does not show the stress-induced crys¬ 
tallization characteristic of natural rubber and of polyisoprene made by 
use of coordination catalysts. In the case of polybutadiene made by 
butyllithium initiation in hexane the stereoregularity of geometric isomers 
is, in fact, close to that of the free-radical-initiated polymers. 

At the present time, "synthetic” natural rubber (i.e., cis-1,4-polyiso- 
prene) is showing limited growth, with marginal profitability, because of 
severe competition from natural rubber and difficult availability of iso- 
prene monomer. Thus, the long search for synthetic natural rubber has 
become more of academic than practical significance. However, for poly¬ 
butadiene there is no need or desire for specificity as to cis or trans 
isomers because a completely amorphous structure is desired for tire 
treads, by far the largest single application of rubber. In the compounds 
used for tire treads, either low or high cis-content polybutadienes can be 
used equally well. 

Thus, the characteristics that were at first thought to be important in 
geometrically specific polymerization of dienes turned out to be of rela¬ 
tively little commercial consequence. The irony of this situation is ap¬ 
parent now that the technology of these processes and products has 
become mature and has settled into a proper role. 

It is now apparent that the alkyllithium initiators actually have some 
very important advantages over both free-radical and coordination cata¬ 
lysts: 

(1) Polybutadiene made by alkyllithium initiators is essentially free of 
the gel and color sometimes associated with the transition-metal catalysts 
and thus occupies a large market as an impact modifier in plastics. 

(2) Unlike the coordination catalysts, alkyllithium initiators allow easy 
formation of styrene-butadiene copolymers, important components of 
tire treads. 

(3) Alkyllithium initiation can tolerate very high temperatures. As re¬ 
frigeration is not needed, alkyllithium polymerization can proceed at high 
reaction rates with low investment and operating costs. 

(4) The 5-7% soap remaining in rubber prepared by the free-radical 
process results in reduced performance and reduced oil extensibility 
compared to organometallic-catalyzed polybutadienes. 

(5) The "living” characteristic of lithium initiators is uniquely suited 
to synthesis of block copolymers. A rapidly growing new type of ther¬ 
moplastic elastomer market is based on this technology. 

(6) The preparation of functionally terminal "telechelic" polymers is 
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only possible by the use of organolithium mono- and di-initiators. These 
telechelic polymers are useful in polyurethane technology. 

(7) Microstructure variation in both polybutadiene and polyisoprene 
polymers has been realized by using alkyllithium initiators in the presence 
of polar modifiers. 

(8) Polybutadienes from alkyllithium initiators are characterized by a 
high degree of linearity, in contrast to their radical- and coordination- 
catalyzed counterparts, which are highly branched. 

The pioneering work that led to alkyllithium-initiated diene elastomers 
was conducted at The Firestone Tire & Rubber Company during the 
1950s, and this technology was first carried into large-scale commercial 
practice by Firestone. Subsequently, it has also been commercialized by 
the Phillips Petroleum Company, Shell Oil Company, and various licen¬ 
sees of the three companies. 

The following tabulation illustrates the amounts of diene-type rubber 
produced in the world by alkyllithium compared to the other types of 
initiators (7): 

Million metric tons 


Emulsion SBR (free-radical initiator) 4.8 

Polyisoprene (natural rubber) 3.6 

Polybutadiene (transition-metal catalyst) l.l 

Polyisoprene (transition-metal catalyst) 0.6 

Polybutadiene and SBR (alkyllithium initiator) 0.8 


It is interesting to speculate on the course of events had the early 
polymerization experiments claimed for Li actually been done, or had 
ether not been used as the solvent for alkyllithium in Ziegler’s early 
work. 


B. Scope 

This review is limited to the polymerization of hydrocarbon dienes and 
olefins by means of organolithium initiators. It is not intended to include 
activated olefins or dienes that can be polymerized by bases of far lower 
reactivity or that do not involve direct carbon-lithium bonding. 

This review will feature the kinetics and mechanism of RLi-initiated, 
homo- and copolymerization of hydrocarbon diene and olefin monomers, 
with and without polar ligands. Hydrocarbon olefin homopolymerization 
in nonpolar media will not be discussed per se because simple olefins 
such as ethylene do not polymerize under such conditions, and such 
reactive, hydrocarbon a-olefins as styrene behave similarly to dienes in 
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nonpolar media. Also included in this review will be a discussion of the 
use of alkyllithium compounds for the preparation of functionally terminal 
diene (olefin) polymers. 


C. Structure and Reactivity 

The unique feature of the alkyllithium compounds that makes them 
useful as diene initiators is their character as exceedingly powerful bases; 
yet they are soluble in organic solvents and quite thermally stable. Al¬ 
kyllithium compounds are sufficiently basic to add to hydrocarbon mon¬ 
omers. However, lithium salts of stabilized anions, such as acetylide and 
fluorenyl anions, are too weakly basic to add to such double bonds. 
Similarly, alkoxides and mercaptides fail to react with hydrocarbon mon¬ 
omers, but lithium alkyl amides react analogously to alkyllithium com¬ 
pounds. 

Alkyllithium compounds have solubility and stability because of their 
ability to associate to form aggregates of definite structure. Such aggre¬ 
gation confers stability but is not extensive enough to cause insolubility. 
Methyllithium and n-butyllithium, for instance, exist in a highly associ¬ 
ated form, typical of electron-deficient bonding, e.g., (MeLi) s and 
(BuLi) 4 . 

A somewhat different form of delocalization occurs in the case of 
ally lie lithium compounds. This phenomenon is particularly appropriate 
to diene polymerization and will be discussed in detail because the end 
group of the growing chain is clearly an allylic lithium. In diene poly¬ 
merization, the conjugated diene complexes with the organolithium ini¬ 
tiator to form an associated species that allows addition to occur at the 
conjugated double bond. Thus, the ability of lithium compounds to add 
to conjugated dienes may be balanced by two factors—their base strength 
and their ability to form aggregates. 

The addition of amines and ethers to alkyllithium compounds pro¬ 
foundly affects polymerization of such species. Amines and ethers alter 
the association of RLi compounds and change the course of the poly¬ 
merization and its kinetics. Also, the presence of small amounts of such 
impurities as water, alcohols, or a-acetylenes, influences the kinetic 
chain length. The chain-termination reaction with such acidic protons is 
almost instantaneous. However, there are certain types of protons, such 
as a-aromatic, secondary amine, and /3-acetylenic, that are not acidic 
enough to react immediately but will undergo transmetalation during the 
course of a polymerization reaction. This results in termination or chain 
transfer of the polymer chain, and limits the realization of polymers of 
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high molecular weight or high polymerization conversions or both. The 
presence of polar solvents greatly affects the transmetalation reactions, 
as will be discussed later, and thus greatly influences the effect that such 
protons have on the polymerization reaction. 


D. Unique Features of RLi-lnitiated Polymerizations 

A unique feature of alkyllithium initiation is that it takes place in a 
homogeneous reaction mixture where there is a complete absence of 
termination or other side reactions, so that “living polymers” are formed. 
This fact, along with the ability of polar solvents to modify the reactivity 
and mode of reaction, has enormous implications for the synthesis of 
polymers. 

For example, the formation of living polymers allows the preparation 
of block polymers by sequential addition of monomers. It also permits 
the introduction of functional groups on the ends of each chain. From 
kinetic considerations of live polymer systems, it follows that, in a batch 
reaction, a fast initiation step relative to the propagation step will result 
in a very narrow molecular-weight distribution. It also follows that the 
molecular weight will be directly proportional to the mole ratio of initiator 
to monomer. 

Thus, the use of alkyllithium initiation offers the synthetic chemist a 
tool of enormous flexibility for "tailor-making” polymers of precise 
structure. Control of molecular weight, molecular-weight distribution, 
diene structure, branching, monomer-sequence distribution, and func¬ 
tionality can conveniently be achieved by such techniques as incremental 
or sequential addition of monomer, initiators, or modifier, programming 
of temperature, continuous polymerization, or the use of multifunctional 
reagents. 

Typical hydrocarbon monomers polymerizable by using an alkyllithium 
initiator are 

Dienes: butadiene, isoprene, piperylene, and 2,3-dimethylbuta- 
diene. 

Olefins: ethylene, styrene, a-methylstyrene, divinylbenzene, and 
vinyltoluene. 

Terminal, functional groups that can conveniently be attached by re¬ 
actions with the live end are silane, hydroxyl, carboxyl, and mercapto, 
amino, etc. 
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II 

MECHANISM OF OLEFIN POLYMERIZATION WITH POLAR 
LIGANDS 

The insertion of olefins and conjugated dienes between carbon-bound 
metals has been well documented in the literature (8-10). Hanford and 
co-workers (II) prepared polyethylenes of molecular weight 1400 by 
using phenyllithium in ether solvent at high temperatures and under high 
pressures of ethylene. The propagation reaction was in competition with 
termination of the active lithium ends. 

Eberhardt and co-workers (12, 13) found that lithium alkyls are active 
toward the telomerization of ethylene and benzene when a rerr-amine or 
chelating diamine, such as sparteine or N,7V,A/',7V'-tetramethylenethy- 
lenediamine (TMEDA), is used [Eqs. (l)-(3)]. 

n-BuLi + TMEDA + CeH, - C^Li-TMEDA + n-BuH (1) 

QHgLi-TMEDA + -» QH,(CH, ),„Li-TMEDA (2) 

C»Hj(CHj)j B Li-TMEDA + C,H, -> C.HjtCHsh.H (3) 

Langer (10) observed that addition of TMEDA to alkyllithium com¬ 
pounds in paraffinic solvents activated the initiation and propagation of 
ethylene to give polyethylene of high molecular weight without chain 
transfer to monomer. This work was later confirmed by Kamienski (14) 
and Smith (15). Bunting and Langer (16) proposed that the activation of 
the alkyllithium is due to the solvation of the lithium by the two nitrogen 
atoms of the diamine. A five-membered cyclic structure (1) was proposed 
as the solvated structure present in paraffinic solvent. 



(l) 

Langer claimed that structure 1 is monomeric at a concentration of less 
than 0.1 M. The same author stated that aging of the n-BuLi-TMEDA 
enhances the activity of the catalyst and that high-molecular-weight poly¬ 
ethylenes are formed. However, the aged catalyst may in fact be the 
product obtained by metalation of the diamine TMEDA. The metalated 
product would be an active site having a kinetics of propagation different 
from that of alkyllithium. This condition could, in turn, be responsible 
for the high molecular weight of the polyethylene produced. Confirmation 
of the involvement of metalated diamine was indicated by the presence 
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of a substantial proportion of nitrogen present in the polymer [Eqs. (4)- 

(7)]. 

ch 3 ch 3 

i I 

n-BuLi + TMEDA -► H 3 C—N—CH S CH 2 —N—CH 2 Li (4) 

( 2 ) 

ch 3 ch 3 

I I 

2 + ethylene - H 3 CN—CH 3 CH S —N—CH S —(CH 2 ) sn —Li (5) 

(3) 

CH 3 

I 

2 -» H,C=N + ethylene + H 3 C—N—Li (6) 

I 

CH, 

(CHj)jNLi + ethylene -* (CH 3 ),N—CHrfCH,),,,—Li (7) 

Although there are no known reports on the use of (CH 3 ) 2 NLi as catalyst 
for the polymerization of ethylene, there is ample evidence relating to 
the use of this species as a catalyst for styrene and 1,3-butadiene poly¬ 
merization in polar solvents (17-19). It is not unreasonable to assume 
that TMEDA could activate (CH 3 ) 2 NLi, (2) or both toward ethylene 
polymerization. 

A kinetic study of the oligomerization of ethylene using alkyllithium- 
TMEDA complexes was carried out by Hay and co-workers (20, 21). 
These investigators studied the oligomerization of ethylene under con¬ 
ditions involving no chain transfer to monomer. They noted that ethylene 
oligomerization is initially rapid with n-BuLi-TMEDA, in hexane as the 
solvent, between 0 and 60°C under an ethylene pressure of 2 atm. The 
volume of ethylene consumed in the initial period was found to be in¬ 
dependent of the ethylene pressure, as well as the molar ratio of n-BuLi 
to TMEDA. However, ethylene uptake increased proportionally with an 
increase in n-BuLi concentration. These workers reported that the rate 
of ethylene consumption was first-order in ethylene pressure and n-BuLi 
concentration. Even though TMEDA is essential for the polymerization 
of ethylene, the rate of ethylene usage was found to be independent of 
TMEDA concentration. The constant rate of ethylene consumption was 
expressed as follows: rate = -d\E\!dt = fcK s P[n-BuLi], where K s is the 
solubility constant of ethylene in the solvent used, and P is the partial 
pressure of ethylene over the solvent. 

Hay and co-workers (20, 21) suggested that the ethylene initially forms 
a complex with n-BuLi according to Eq. (8). 
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ethylene + n-BuLi -» n-BuLi || (g) 

C 

/ \ 

(4) 

The evidence for 4 was based upon measurements of the uptake of 
ethylene (after degassing and readmission of ethylene several times to 
the system.) Hay found that the system absorbed more ethylene (25 
times) than the solubility of ethylene in hexane would predict. However, 
one cannot help but wonder whether or not the solubility of ethylene in 
w-BuLi-hexane or n-BuLi-hexane-TMEDA might be different from that 
of ethylene in hexane alone. 

Furthermore, these workers varied the ethylene pressure at a constant 
consumption rate and concluded that the pressure of ethylene is totally 
independent of the value of the molar ratio r = TMEDA:«-BuLi for a 
constant alkyllithium concentration. They also reported that the catalyst 
efficiency (which was based on the observed and calculated molecular 
weights of polymer, assuming no chain transfer) was on the order of 40- 
50%. It should be emphasized that without TMEDA the oligomerization 
of ethylene does not take place, even though the monomer consumption 
rate and the initiator efficiency are independent of the quantity of 
TMEDA present in solution. Hay et al. (20, 21) suggested that TMEDA 
causes dissociation of the /i-BuLi hexamer to give an inactive n-BuLi- 
TMEDA monomer. Further dissociation of this monomeric n-BuLi- 
TMEDA forms the free, n-BuLi monomer, which is the active species in 
the oligomerization reaction [Eqs. (9) and (10)]. 

Dissociation n/6 (n-BuLi), + n TMEDA ^ (n-BuLi-TMEDA) (9) 

Activation '(n-BuLi-TMEDA)-»«-BuLi + TMEDA (10) 

However, the explanation offered by Hay et al. (20, 21) appears to be in 
direct conflict with Langer's suggestion that the five-membered cyclic 
structure 1 is responsible for the enhanced activities of the complexed n- 
BuLi-TMEDA initiator system (8-10). 

The oligomerization of ethylene using complexed alkyllithium com¬ 
pounds has been further studied by Rodriguez et al. (22). However, they 
used t-BuLi-TMEDA as the initiator instead of«-BuLi-TMEDA because 
of the greater reactivity of the former. In contrast to the work of Hay et 
al., Rodriguez et al. observed that r (ratio of TMEDA to f-BuLi) affects 
the propagation reaction. Also, the rate constant varied discontinuously 
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as the r values passed from 0 to 4.5. In addition, Rodriguez et al. reported 
that the r-BuLi-TMEDA catalyst efficiency was 100%. 

Rodriguez et al. (22) concluded from their kinetics studies that the 
active species initially is a complex (5) between the f-BuLi and the 
TMEDA and that, in the presence of ethylene, complex 5 takes on a 
molecule of ethylene to form a more active species (6) which, in turn, is 
responsible for the addition of ethylene to give complex 7 [Eq. (11)]. 



6 -f- Bu (C Hj C H a )„ Li "j 

''IT 

(7) 

Rodriguez et al. (22) proposed that, as the initial uptake of ethylene is 
fast and the rate decreases progressively until 1 mole of ethylene is 
consumed per mole of f-BuLi, the following exchange reaction takes 
place [Eq. (12)]: 

/i'(f-BuCH 2 CH 2 Li-TMEDA) + n'/4 (r-BuLi), ^ n'(f-BuLi-TMEDA) 

+/.'/m(/-BuCH 2 CH 2 Li) m (12) 

However, the decrease in rate was initially explained by the difference 
in reactivity of the alkyllithiums present, i.e., whether or not a primary 
or secondary anion was involved. Yet, the propagation reaction was 
quite different because the structure of the active species did not vary 
after the addition of the first ethylene unit. The fact that the constant 
rate (the rate after 1 mole of ethylene is consumed per mole of BuLi) 
varied linearly with initiator concentration at TMEDA:/-BuLi = 1.0 in¬ 
dicated that a monomeric complex was responsible for the propagation 
reaction (PELi-TMEDA) [Eqs. (13), (14)]. 

t-Bu(CH) 2fl _ 3 -CH 2 -Li£ 


CH, 


f-ButCH,)*,., - CH 2 -L(- ^ 


(13) 
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( 14 ) 


All of the studies published to date fail to identify the active catalyst 
species present in the RLi-TMEDA polymerization of ethylene. The 
kinetics data of both Hay and Shue and their co-workers fall short in this 
respect. A more fundamental approach is needed. It may be appropriate 
at this time to study the 13 C- and 7 Li-NMR of alkyllithium compounds in 
the presence of various chelating diamines and polar modifiers such as 
THF and dimethyl ether. 


Ill 

MECHANISM OF DIENE POLYMERIZATION WITH POLAR 
LIGANDS 

When n-BuLi adds to 1,3-butadiene, lithium-terminated polybutadiene 
chain ends result. In hydrocarbon media, 1,4-addition is favored. 

n-BuLi + H„C=CH—CH=CH 2 hy<lrocl,rb<,n > 

m-Bu(CH 2 —CH=CH—CH 2 )„—CH»—CH=CH—CH 2 —Li (15) 

(8) (y) </3) (a) 

The structure of the live lithium chain ends is a matter of controversy 
and will be discussed in a later section. After the lithium-polybutadiene 
is terminated with protic material, the isolated polybutadiene polymer 
exhibits a mixed microstructure (—35% cis- 1,4, —54% trans- 1,4, and 
- 11 % 1 , 2 ). 

When n-BuLi polymerizes 1,3-butadiene in the presence of polar lig¬ 
ands (modifiers), 1,2-addition is favored. 

0 lar 4<») 3(y) 

n-BuLi + H 2 C=CH—CH^Hj-j^^n-ButCH,—CH)„CHj—CH 2 —Li (16) 

CH=CH 2 ch=ch 2 
(/3) (a) 

The polymer isolated from this type of polymerization shows a high level 
of 1,2 (vinyl) content. 

The use of monodentate and bidentate polar ligands such as ethers, 
amines, chelating diethers, and diamines in RLi diene polymerization has 
been studied by a number of workers [23-28). For example, the effect of 
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reaction conditions (e.g., temperature) on the complexed allylic lithium 
compounds in the presence of polar modifiers has been reported by 
Uraneck (27), and Antkowiak and co-workers (28). They studied the 
effect of temperature on the microstructure of polybutadiene prepared 
from /j-BuLi in the presence of THF, TMEDA, and diglyme. Their 
conclusion was that, in the presence of these polar modifiers, the 1,2- 
addition product decreased with increased temperature. It could be en¬ 
visaged that such a decrease in the vinyl content (1,2-addition) in favor 
of 1,4-addition is due to the breaking of the complexed allylic lithium 
with the polar modifiers to produce a more ionic anion that could isom- 
erize, via allylic rearrangements, to give the 1,4-adduct [Eqs. (I7a-c)]. 

n-BuLi-TMEDA + Bd Bu—CH 2 —CH—Li-TMEDA (17a) 

I 

hc=ch 2 

Bd = butadiene (8) 


8 ;=± RCH 2 CH 


hc=ch 2 

(9) 


(17b) 


9^RCH 2 CH=CH 2 -CH 2 [Li-TMEDA] (17c) 
(10) 

In other words, high temperatures would shift the equilibrium in favor of 
the dissociated species 10 which would, in turn, favor the 1,4-addition 
product. ‘H-NMR and UV data for isoprene polymerization by /i-BuLi- 
TMEDA also support this notion (28a). 

Langer (9, 29) found TMEDA to be the most effective modifier for 
the RLi polymerizations of dienes, based upon polymerization-rate data 
and yields of 1,2-addition product. Hay and co-workers (30) studied this 
reaction in detail and reported both the kinetics and a mechanism for this 
polymerization. They noted an initial rate enhancement at a n- 
BuLi:TMEDA ratio of 1:2, after which the rate became independent of 
TMEDA level. The general rate expression appeared to fit Eq. (18). In 
other words, 

- (d[M]/dt)'= 0 = * p [M 2 ][/i-BuLi] (18) 

they found that the initial rate was second-order in monomer concentra¬ 
tion and first-order with /i-BuLi and amine concentration. Maximum rate 
was observed at «-BuLi:TMEDA ratios of 1:2. The rate decreased with 
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conversion, consistent with the polymerization being first-order in con¬ 
verted monomer. 

-(<i[M 0 - x])/dt = £,[M 0 - x][n-BuLi] (19) 

The molecular weight (M n ) and molecular-weight distribution (M w /M n ) 
were typical of anionic living end polymerization (e.g., M w /M„ approxi¬ 
mated a Poisson distribution, 1.06-1.20). 

Hay and co-workers reported that the M n increased linearly with con¬ 
version at a molar ratio of 1:2. However, at high ratios of n-BuLi to 
TMEDA, the initiator became only 50% efficient. This finding is rather 
surprising as the addition of TMEDA to alkyllithium compounds en¬ 
hanced the rate of the polymerization and without TMEDA, at Hay’s 
polymerization temperature, no polymerization of the 1,3-butadiene took 
place. The explanation advanced by these authors was that the allylic 
lithium complex of polybutadiene is complexed with two TMEDA mol¬ 
ecules and that complex 11 is the propagating species. 

-CH 2 —CH[Li(TMEDA) 2 ] + 

I 



(II) 


The presence of complex 11 , however, fails to explain the low catalyst 
efficiency at higher ratios of TMEDA. It appears that at higher ratios of 
TMEDA self-mstalation becomes a competing reaction by producing 
RjNLi-TMEDA species that have a lower initiation (propagation) rate 
than n-BuLi-TMEDA. 

Unpublished work of Halasa and co-workers (31) on the study of live 
chain ends using 13 C-NMR as a probe into their structures has led to 
some interesting new findings. These workers studied the lithium live 
ends of polybutadiene in the presence of a new polar modifier, dipiperi- 
dylethane (DPE). This modifier forms a complex with n-BuLi which 
initiates the polymerization of 1,3-butadiene to give polymer having 100% 
1,2 microstructure. 

The 13 C-NMR spectrum of polybutadiene polymer made by this initi¬ 
ator shows characteristic resonance peaks at 110-114 ppm assigned to 

C-l, the terminal olefinic methylene carbon (CH=CH 2 ), and at 141-143 

ppm assigned to C-2, the internal methine carbon (CH=CH 2 ). As the 
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34.63 32.55 29.97 14.30 

Fio. 1. ,3 C-NMR spectrum of n-BuLi + 1,3 butadiene (DP 1.0 to 1.5). Note the presence 
of the peak at 143 ppm, a nonterminal carbon atom of a 1,2 unit without the appearance of 
its sister, the terminal methylene carbon atom at 110-114 ppm. Instead, a new resonance 
at 82 ppm associated with complexed methylene units is present. (Bottom is aliphatic 
region; top is olefin region.) 

olefinic region in the 13 C-NMR spectrum of this system is the more 
revealing, these workers examined the resonance in this region at various 
degrees of polymerization (DP). At low DP, in which 1 unit of 1,3- 
butadiene added to 1 unit of /i-BuLi in the presence of 2 molecules of 
DPE, they noted the absence of the resonance for C-l, which normally 
appears at 110-114 ppm (Fig. 1). Instead, a new resonance at 82 ppm 
appeared. This new signal at 30 ppm upfield from the expected olefinic 
resonances may be due to the coordination of the lithium with the olefinic 
carbons adjacent to it, associated with structures as shown. 

/BuCHj—CH Li \ /BuCH,—CH Li \ 

I I (DPE), I I | DPE 

\ HC=CH,/ \ HC=CH, / 

(12) (12A) 

The shift position of C-l is uncertain at this time. If it is indeed the 
peak at 82 ppm, it has lost a good deal of its olefinic character, as judged 
by its large upfield shift from its expected position. The complex with 
DPE would have to provide the additional electronic shielding of the 
nucleus as shown in structures 12 and 12A. However, more work is 
needed in this area to clarify these points. It must be pointed out that 
organolithium interaction with olefins has been noted by others {32). 

As the DP increases, the normal signal of the methylene carbon atom 
(1,2) appears at its usual resonance position, 110-114 ppm, along with 
three new resonances at 90, 80, and 76 ppm (see Figs. 2 and 3). The latter 
peaks disappear on neutralization of the allyllithium of polybutadiene 
with methanol, and the normal absorptions for 1,2-addition at 110-114 
and 143 ppm become more pronounced and sharper. 
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Fig. 2. la C-NMR spectrum of live poly(Bd)Li (DP = 2, 3, or 4). The signals at 92, 82, 
and 78 ppm have been assigned to the complexed terminal methylene carbon atom of 
various DP values. Note the absence of a signal at 110-114 ppm for the noncomplexed 
terminal methylene also absent in Fig. 1. (Bottom is aliphatic region; top is olefin region.) 


As may be seen from Fig. 3, there are no resonance peaks at 120-128 
ppm characteristic of 1,4-microstructure in polybutadiene polymer. How¬ 
ever, on addition of methanol to the chain live ends, resonance peaks at 
120-128 ppm appear in ratios of 60% trans-1,4, \4%cis-\,4, and 26% 1,2. 
This suggests that the protonation of the chain live ends with methanol 
is an independent reaction and does not relate to the actual structure of 
the propagating species. It may be said that the structure of the allylic 
lithium of polybutadiene (DP > 1) is postulated to exist in the 1,2-form 
(13). Yet hydrolysis of 13 gives mixed 1,4- and 1,2-microstructures. 



Fig. 3. la C-NMR spectrum, olefinic region only. Note the peak at 89.93, 80.31, and 
75.73 ppm assigned to structure 13 of DP = 1, 2, and 3, and the appearance of a peak at 
112 ppm assigned to the terminal methylene in l,2-poly(Bd). 
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Several experiments with the RLi-DPE catalyst were repeated; in 
these, a second polar modifier was added to the n-BuLi-DPE initiator, 
and the microstructure was reexamined after further monomer addition 
had taken place. We found that the microstructure of essentially 100% 
1,2 with n-BuLi-DPE decreased to 86% 1,2 on addition of THF, to 90% 
1,2 with TMEDA, and to 87% 1,2 with diglyme. This suggests that in 
complex 13, the olefinic ligand was displaced by the second polar mod¬ 
ifier, giving rise to monomer addition at either C—1 or C—3. Neverthe¬ 
less, it should be noted that structure 13 was not favored by Morton and 
co-workers (33) in either benzene or THF solvent. Instead, they favored 
the <r-bound 1,4 chain ends. 

The 13 C-NMR spectrum of the initial stage of the reaction in which 
small amounts of butadiene are gradually added to a large excess of n- 
BuLi-DPE shows a complex pattern in the olefinic region (145.7, 144.6, 
143.5, and 142.4 ppm), as shown in Fig. 4. As more 1,3-butadiene is 
added, these signals first increase in intensity and, except for the peak 



Fig. 4. 13 C-NMR spectrum of complex, n-BuLi-DPE and 1,3 butadiene. Note absorp¬ 
tion peaks between 140 and 146 ppm assigned to Tr-complexes of Bd and n-BuLi-DPE. 
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at 143.5 ppm, then tend to disappear as the DP increases. The strongest 
peak remaining, at 143.5 ppm, is due to the C—2 (nonterminal) olefinic 
carbon of the 1,2-microstructure. The three minor peaks shift to higher 
field as the sample is heated. It is believed that these signals are due to 
various associated complexes of initiators and chelating diamines with 
monomer. These complexes are the precursors to chain growth. A sug¬ 
gested structure is shown here: 


—► n-BuCH 2 CH" 

CH=C 'N- 


/*s 

jO 


IV 

MECHANISM OF DIENE POLYMERIZATION IN NONPOLAR MEDIA 

The polymerization of 1,4-butadiene and related conjugated dienes in 
polar media was discussed earlier. The major focus of this part of the 
review will be devoted to the polymerization of 1,3-butadiene and iso- 
prene in hydrocarbon media, with emphasis on the allylic lithium struc¬ 
ture and reactivity. 

The discovery in the Firestone Laboratory in the early 1950s by Foster, 
Stearns, and Forman that isoprene can be polymerized with lithium metal 
and later with n-butyllithium in hydrocarbon media to give stereoregular 
polyisoprene having 90-93% cis- 1,4-polyisoprene (having properties sim¬ 
ilar to those of natural rubber) was a milestone finding (34-38). It gave 
an impetus to research in the areas of Group I organometallics, and 
related catalyst fields. A number of investigators (39-43) in several uni¬ 
versities started research on the kinetics and other aspects of such po¬ 
lymerization reactions. However, the main aspects that concern us in 
this section are the structure and reactivity of the alkyllithium catalysts 
and allylic polymer lithium in nonpolar media. 

The structures of alkyllithium compounds have been studied exten¬ 
sively by various investigators, and their findings are given in Table I 
(44-49). Data in Table I suggest that the alkyllithium compounds in 
hydrocarbon medium are of either tetrameric or hexameric nature. The 
highly branched compounds are tetrameric. 

There are reports in the literature that the higher molecular-weight 
alkyllithium compounds such as polystyryl- or polyisopropyllithium may 
be dimeric (41, 42). 
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TABLE 1 

Aggregation State of Alkyllithium Compounds 


Compound 

Solvent 

Concentration 

range 

„ 

Method" 

Reference 

C,H s Li 

CeH, 

0.02-0.23 

6.67 ± 0.35 

F 

44 


C,H 1S 

0.02-0.10 

5.95 ± 0.3 

F 

45 

n-C«H,Li 


0.5-3.4 

6.25 ± 0.06 

I 

46 


C.H,, 

0.4-3.3 

6.17 ± 0.12 

I 

46 

(CHj)jCLi 

c»h 8 

0.05-0.18 

. 3.8 ± 0.02 

B 

47 


c„h m 

0.05-0.123 

4.0 ± 0.02 

B 

47 

(CH 3 )]Si—CH,Li 

C«H e 

0.6-2.78 

4.0 ± 0.2 

B 

48 


MP* 

0.2-0.12 

3.9 ± 0.2 

B 

48 


C»H fl 

0.06-0.49 

4.0 ± 0.11 

F 

49 


0 I = Isopiestic; F = freezing-point lowering; B = boiling-point elevation. 
b MP = methyipentane. 


It is obvious that alkyllithium compounds in the presence of 1,3-buta¬ 
diene must lose their structural integrity either before or after addition to 
the conjugated diene moiety. The published kinetic data (40, 41) suggest 
that the polymerization rate may depend on the structure of the alkylli¬ 
thium compounds, even though a fractional kinetic order for catalyst 
concentration was reported by various investigators (40, 42, 43). The 
fractional order in catalyst (alkyllithium) should remain when dimers 
participate in the polymerization. The polymerization of 1,3-butadiene 
using alkyllithium initiators in various solvents has been studied by Rus¬ 
sian workers (50-53). However, the most comprehensive study was made 
by Sgonnik et al. (54) in their investigation of the .sec-BuLi addition to 
butadiene. They postulated that mixed alkyllithium-allyllithium species 
are responsible for the effect on the microstructure of the polybutadiene 
obtained. These associated species (sec-BuLi) m -(sec--BuM x Li) B had a 
mixed reaction order of 0.8 and 0.90. The presence of the associated 
oligomers was studied by infrared spectroscopy. These workers (54) 
reported an activation energy of 50 ± 17 kJ/mol (12 ± 4 kcal/mol) and an 
initiation rate constant at 10°C of 1.5 x 10 -3 dm 3 mol -1 sec -1 . 

Determination of the absolute rate constant of anionic polymerization 
has been complicated by the existence of an equilibrium of various as¬ 
sociated species. Work on the rate of initiation Xj has been reviewed by 
By water (55). Investigation of the rate of propagation X p has involved 
two kinetic approaches. 

The method of Sinn and Onsager (55a) made use of low concentrations 
of initiator and assumed that only the unassociated forms of the growing 
end were present during chain growth. In contrast, Morton et al. (56, 57) 
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attempted to determine the equilibrium constant K of Bu(M) x Li„-/t- 
BuLi(M) x Li by viscosity measurements by the addition of a monomeric 
alkyllithium of lower molecular weight to the growing polymeric chain. 
Despite these investigations, By water (55) concluded in his review that 
no accurate values for K p (the propagation rate) of 1,3-butadiene with 
polymeric lithium had been determined. We consider that the differences 
in the interpretation of the kinetic results arose from the association of 
the polymeric lithium with itself and with unconsumed initiator mole¬ 
cules. 

Subsequently, several nonkinetic approaches (32) were directed toward 
determining the structure of the live chain ends (e.g., 'H-NMR and 13 C- 
NMR). For example, Bywater and co-workers (58) studied the addition 
of /-butyllithium to 1,3-butadiene and obtained a complex PMR spectrum 
for the addition product. They examined the effect of catalyst concentra¬ 
tion on the microstructure of the polybutadiene and found that at high 
catalyst levels, the vinyl content increased as shown in Table II. 

The 'H-NMR spectrum of the 1:1 adduct of f-butyllithium-d 9 and nor¬ 
mal butadiene (DP = 1) in benzene was characterized by complex reso¬ 
nances; this spectrum was interpreted by these authors as being a mixture 
of cis- and trans- 1,4-addition products. 

y 13 a 

C«D»—CH,—CH=CH—CHjLi 

The y-proton resonance showed a complex splitting in both benzene 
and THF. This splitting of the y-proton was further simplified by using 
1,1,3,4-tetradeuterobutadiene. The resonance of the y-proton showed 
only two major signals in the ratio of 2.6:1 separated by only 16 Hz. This 
situation was interpreted by Bywater and co-workers (58) as being due 
to restricted rotation of the y,j8-isomerized carbon bond, resulting in cis- 
and trans- 1,4-isomerization (see Fig. 5). Continuing their study, Bywater 
and co-workers examined the addition of t-butyllithiunw/ 9 to undeuter- 
ated butadiene, to give a polymer having DP = 6. The spectrum of the 


TABLE II 

Catalyst Concentration vs Vinyl 


r-BuLi DP 1,2 (%) 


0.005 8.2 3.0 

0,05 9.5 10.3 

0.50 9.2 47 
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Fig. 5. 'H-NMR. spectra of oligomers C 4 D 0 (C 4 H I D 4 ) ll Li formed from 1,1,3,4-tetradeu- 
terobutadiene in benzene at room temperature; DP in ascending order. 1, 2.1, and 3.2. 
(X.Y) Signals from (predominantly) 1,4- and 1,2-units in nonterminal monomer; (a, /3, y, 
8) those from terminal (Li) units. Reprinted with permission from S. By water, D. J. 
Worsfold, and G. Hollingsworth, Macromolecules 5, 389 (1972). Copyright by the American 
Chemical Society. 


polymer having DP = 6 (see Fig. 6) showed a complex y-proton splitting 
while the a-proton signal became a singlet and the /3-proton a doublet. 
The conclusion reached by these authors was that the adduct of r-butyl- 
lithium with 1,3-butadiene (regardless of its DP) showed no separate 1,2- 
structure in the NMR spectra, even though some of the polymers isolated 
contained as much as 47% 1,2-structures. The definitive experiment 
claimed by these investigators was the polymerization of 2,3-dideutero- 
butadiene to provide a polymer having DP = 6, for which the complex 
y-signals had disappeared. This suggested that no 1,2-addition was in¬ 
volved since the 2,3-dideuterobutadiene should have eliminated all 1,4- 
adduct olefin resonance and retained all signals from the =CH 2 . Regret- 



500 300 100 

Fig. 6. ‘H-NMR spectra of an oligomer of DP = 6 formed in benzene with 0.5 M 
initiator. The /3 and y signals of a similar product were formed in dilute solution, and then 
this was concentrated to about the same final concentration as used in Fig. 3. The scale is 
the same as in Fig. 3. Reprinted with permission from S. By water, D. J. Worsfold, and G. 
Hollingsworth, Macromolecules 5, 389 (1972). Copyright by the American Chemical Soci¬ 
ety. 
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tably, these authors did not show the NMR spectrum supporting this 
important finding. 

The most comprehensive work to date involving PMR spectroscopy to 
study the propagation step in the alkyllithium polymerization was done 
by Morton and co-workers. They examined the addition of C 2 D 5 Li to 
1,3-butadiene (59), isoprene (60), 2,3-dimethylbutadiene (60), cis- and 
trans-pentadiene (61), and hexadiene (61). These reactions were exam¬ 
ined at 1 M concentration with DP of 10-40. The chain ends were pseudo- 
terminated using butadiene-d 8 in order to separate the signals due to the 
live ends from those of the penultimate units. Examining the data care¬ 
fully, Morton and co-workers reached the following conclusions: (a) The 
chain ends were essentially in the 1,4-structure, and no 1,2-structures 
were noted (even though the polymers isolated usually contain 9% 1,2). 
However, several workers (58, 62) reported that at concentrations of 
initiator even lower than that used by Morton et al., the structure showed 
47% 1,2 (see Table II). (b) The carbon-bound lithium was postulated to 
be cr-bonded because of the magnetic equivalence of the a-protons. This 
implies the absence of Tr-allyl delocalization bonding at the y-proton 
appearing at 4.6 to 4.4 ppm. However, this rather unusual upfield shift 
of the y-proton at 4.6-4.4 ppm should have caused some concern to these 
workers. This large upfield shift of the y-proton may not be due to partial 
ir-allyl bonding, yet it must certainly indicate a degree of delocalization 
or interaction between the y-carbon and the positive nucleus of the 
lithium. 

In a recent 13 C-NMR study by Halasa et al. (31), the addition of n- 
BuLi to 1,3-butadiene at DP = 10-12 (Fig. 7) was studied in the absence 
of polar modifiers. The vinyl carbon at DP 12 showed the usual (=CH 2 ) 
olefinic position at 110-114 ppm, structure 16, and a new and unusual 
absorption at 90-100 ppm appeared. The latter resonance was shown by 
a gated decoupling technique to be split into a doublet. This observation 
indicates that this carbon is a methine carbon and could be the y-carbon 
in structure 15 or the y-carbon in structure 16. Since the methine y- 
carbon atom in structure 15 is an olefinic carbon, the assignment of the 


Bu—f-CH, — CH—CH 2 —CH=CH—CHj—CH 2 — CH—CH,—CH=CH— 
CH=CH 2 ch=ch 2 

(15) 

y 

Bu—(- CHjCH— CH,— CH—CH—CH,— CH—CH,—CH -)jj- Li* 
CH=CH, CH=CH, CH=CH, 


(16) 
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Fio. 7. 18 C-NMR spectrum of 1,3-Bd and n-BuLi, DP =■ 10-12. The signal at 99.6 ppm 
in curve A was split into a doublet upon coupling with proton nucleus. This suggests that 
this absorption is that of a methine carbon atom. 


signal at 90-100 ppm appears to be due to this carbon. It would be 
unusual for an sp 2 carbon-bound lithium to have approximately the same 
chemical shift as the sp 3 carbon in the 13 C-NMR spectrum. 

Addition of DPE to preformed live lithium in a hydrocarbon solvent 
showed a shift of the peaks at -90-100 ppm to new signals at 80-85 ppm 
(see Fig. 8). These new peaks appeared at the same position as shown 



to premade polymer lithium. Note the shift to upfield of the signal at 99.6, seen in Fig. 7, 
and the splitting into multiple peaks between 75 and 80 ppm. This suggests that the peak 
at 99.6 in Fig. 7 is a composite of associated live lithium species. 
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for structure 12 (see Figs. 1 and 2). This shift, observed for both 
poly(Bd)Li made in the presence of DPE and for preformed live lithium 
made in hydrocarbon as it is complexed with DPE, suggest that the 
polybutadienyllithium exists in the following isomeric structures. 

—c'^ch, — 

Li iji 1^2 Li Li 

H,C* J:h- 

H H 

Therefore, the conclusion can be drawn from the 13 C-NMR spectrum 
of the system in hydrocarbon media that the live ends may be in the 1,4- 
structure; this is in agreement with Morton's PMR results. However, the 
1,4-structure may contain other structures in an aggregated species, such 
as dimers or the like. 

Because the structure of the live ends in polar and nonpolar media 
appears to be of two different forms, each with its unique resonance 
associated with the methine and methylene carbon atoms, it is reasonable 
to expect that such structures should lead to different microstructures. 
Furthermore, these species may exist in equilibrium with each other; if 
so, the detection of these species would be dependent upon their con¬ 
centrations in the respective solvent media. 

A most interesting feature of the 13 C-NMR data for 1,3-butadiene po¬ 
lymerization in hydrocarbon solvent is the appearance of resonance peaks 
at —146 ppm (see Fig. 7). These signals seem to decrease in intensity as 
the live-end signals appear. These resonances are present in the spectra 
of both polar and nonpolar live ends. We consider that these signals are 
a response to a perturbation arising in the initial complex formed between 
the butadiene and the organolithium initiator and that these complexes 
dissociate and react as the temperature is raised. It is presumed that 
these complexes are the starting point for chain growth (see formulas 16a 
and 16b). 


.. 


(16a) (16b) 

The 13 C-NMR spectrum of the adduct of f-butyllithium and isoprene 
was studied by Brownstein et at. (63), who concluded that this adduct 
has the 4,1-structure and that the trans -1 ,<4-structure is the only isomer 
present, even though the isolated polymer shows mainly the c/s-1,4- 
structure. Examination of the data of these workers suggests that the y- 
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carbon of the live ends, which appeared 22.1 ppm upfield from the y- 
proton of the dead ends, is an indication that some perturbation of the 
—C=C— system occurs. Such spectral perturbation (65) has been noted 
before, even though there was no 7r-delocalization present. Yuki and co¬ 
workers (66) studied the PMR spectra of the adduct of /i-BuLi and 
diphenylethylene to isoprene. They concluded that only cis- 1,4- and cis- 
4,1-anions exist (no evidence of any trans-i, 4-anion.) However, Yuki et 
al. did point out that signals of some unknown anions appeared in the 
NMR spectra in both C a D a and THF-d a . Moreover, some of the signals 
in their NMR spectra did not show the proper ratios. 

Thus, it appears that there is no unambiguous mechanistic interpreta¬ 
tion for RLi diene polymerization in nonpolar media and more work is 
needed. Nevertheless, some 13 C-NMR data have been obtained that 
strongly favor some type of interaction between the positive lithium 
center and the ^-electrons of the double bond, e.g., the stronger shift 
centered on the methine (CH S =C) carbon atom. It also appears that the 
live-end 1,4-structures in hydrocarbon media are in equilibrium with live 
ends that give rise to 1,2-structures, as alluded to in the earlier discussion. 


V 

COPOLYMERIZATION OF DIENES AND OLEFINS 

Organolithium reagents have been used to prepare random, block, and 
graft copolymers. Much work has been done on the copolymerization of 
diene and olefin monomers, especially 1,3-butadiene and styrene. In'this 
review, we shall emphasize the copolymerization of these two monomers. 

When butadiene and styrene are mixed in the presence of an organo¬ 
lithium initiator, the resulting copolymerization process and product will 
be governed by the reaction conditions. The rate of copolymerization, 
the relative composition of the copolymer, and the distribution of mon¬ 
omer units (i.e., block, random, etc.) will be determined by such factors 
as solvent, temperature, and monomenfeed ratio. 

As in the case of olefin or diene homopolymerization by RLi, copo¬ 
lymerization is particularly sensitive to solvent effects. Initial-charge (all 
monomers added together) copolymerization of butadiene and styrene 
tends to result in a tapered block copolymer (a block of butadiene with 
increasing levels of styrene, followed by a block of styrene) in hydrocar¬ 
bon solvents and a random copolymer (a uniform distribution of buta¬ 
diene and styrene) in polar media. 

In hydrocarbon solvents, butadiene is preferentially polymerized until 
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it is almost consumed, and then the styrene polymerizes. The styrene 
uptake starts lower than the monomer charge, gradually increases until 
the butadiene supply is depleted, and then increases rapidly. Temperature 
has little effect on the distribution of styrene in such copolymerizations 
(see Fig. 9). 

Two explanations have been advanced for such copolymerization be¬ 
havior in hydrocarbon solvents. Korotkov (67) suggested that selective 
complexation or solvation of the lithium chain ends by butadiene causes 
an increase in the concentration of butadiene about the growing chain 
ends. In turn, this monomer dominates the early phases of the copoly¬ 
merization. Consistent with this notion are the high entropies of activa¬ 
tion for this copolymerization noted by Morton (68). The work of Oliver 
and co-workers (64, 65) adds further suggestive support to the concept 
of preferential solvation. They observed the interaction between the 
lithium and the double bond of the model compound 3-butenyllithium by 
7 Li-NMR, UV, and IR spectroscopy. Similar observations were made by 
Glaze et al. (32) and Halasa et al. (31). 

However, contrary evidence also exists. Evans and Worsfold (70) 
measured the reaction rate of styrene with polybutadienyllithium with 
and without added butadiene. Surprisingly, they found that the rates are 
similar. Their observation argues against the involvement of butadiene in 
solvation. 



Fio. 9. Styrene uptake in unmodified RLi butadiene-styrene copolymerizations. Re¬ 
printed with permission from T. A. Antkowiak, A. E. Oberster, A. F. Halasa, and D. P. 
Tate, J. Polym. Sci. Part A-1, 10, 1319(1972). 
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Furthermore, Morton and co-workers (59, 69) examined the PMR spec¬ 
tra of 1,3-butadiene monomers both in the presence and absence of 
polybutadienyllithium in order to determine whether the diene protons 
of the monomer are shifted by interaction with the polymer lithium. No 
shifts were observed. Their finding indicates that if any complex between 
monomer and C—Li exists, it must be of a shorter lifetime than the NMR 
time scale. However, such a complex has been observed in the presence 
of a modifier such as DPE (31). 

An alternative rationale for the unusual RLi (hydrocarbon) copoly¬ 
merization of butadiene and styrene has been presented by O’Driscoll 
and Kuntz (71). Rather than invoking selective solvation, these workers 
stated that classical copolymerization kinetics is sufficient to explain this 
copolymerization. They adapted the copolymer-composition equation, 
originally derived from steady-state assumptions for free-radical copo¬ 
lymerizations, to the anionic copolymerization of butadiene and styrene. 
Equation (20) describes the relationship between the instantaneous co¬ 
polymer composition c/[M,]/c/[M s ] with the concentrations of the two 
monomers in the feed, M, and M 2 , and the reactivity ratios, r j, r 2 , of 
the monomers. The r, and r 2 values are measures of the preference of 
the growing chain ends for like or unlike monomers. 

4Mil = [M±] r.IM.l + tM,] 

4 M 2 ] [M 2 ] rJM.l + lMJ 

k\\ k BB k 22 k ss 

r, = — or — , r 2 = —or — 

*1* *BS *SB 

where B = butadiene and S = styrene. 

These workers obtained a good correlation between theory and exper¬ 
iment by assuming that 

k B b = xk SB (or k BB > k BB ) (21) 

k B s — xkgs (or k BB > k BB ) (22) 

These assumptions were confirmed by several investigators (72-75) 


who, indeed, found that 


k BB ^ k ss > k B b > k BS 


In other words, 


SLi + B SBLi 

(23) 

BLi + S BSLi 

(24) 


It should be noted that anionic copolymerizations, unlike their free- 
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radical counterparts, involve no actual steady state; however, only a 
pseudo-steady state may be required. Also, in some instances, initiation 
by alkyllithium compounds continues during the polymerization and may 
affect r, and r 2 (76) due to the cross-association between the butadien- 
yllithium and the polystyrenyllithium during copolymerization. 

Thus, both explanations for the unusual reactivity of B and S to RLi 
copolymerizations in hydrocarbons are useful together, but are not per¬ 
suasive by themselves. 

Initial-charge RLi copolymerization of butadiene and styrene in hydro¬ 
carbons tends toward a tapered-block placement of monomer units. How¬ 
ever, it is possible to generate a random copolymer in such solvents if 
the B:S monomer ratio is kept constant by programmed monomer addi¬ 
tion or continuous copolymerization ( 77-78a). 

Random copolymers can also be obtained by RLi copolymerizations 
in polar media or in the presence of polar ligands. Various polar ligands 
(e.g., THF, (C 2 H s ) 2 0, TMEDA, or diglyme) have been used as “random¬ 
izing agents.” Unfortunately, such polar modifiers also tend to raise the 
vinyl content and reduce the elastomeric behavior of polybutadienes (28, 
76). Various organometallic compounds of Cs, Rb, K, and Na have also 
been employed with RLi in order to prepare random copolymers having 
low to high vinyl content (79). 

Polar modifiers tend to increase the reactivity and uptake of styrene. 
Figure 10 shows a diglyme-modified copolymerization of butadiene and 
styrene and should be compared with the unmodified reaction shown in 
Fig. 9. It can also be seen that the modified copolymerization is sensitive 
to temperature. The higher uptake of styrene occurs at the lower copo¬ 
lymerization temperature (28). 

The living character of organolithium polymerizations makes such pro¬ 
cesses ideally suited for the preparation of pure as well as tapered-block 
copolymers. Diene-olefin pure-block copolymers have become important 
commodities because of their unique structure-property relationships. 
When such copolymers have an ABA or (AB)„X [A = polyolefin, e.g., 
polystyrene or poly(a-methylstyrene); B = polydiene, e.g., polybuta¬ 
diene or polyisoprene; and X = coupling-agent residue] arrangement of 
the blocks, the copolymers have found use as thermoplastic elastomers 
(i.e., elastomers that can be processed as thermoplastics). 

There are several different organolithium routes (80) for synthesizing 
essentially pure ABA or (AB)„X copolymers: 

1. The use of a monolithium initiator and a three-stage sequential 
copolymerization, Eqs. (25)—(27). 

2. The use of a dilithio initiator and a two-step copolymerization, Eqs. 
(28) and (29). 
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Fig. 10. Styrene uptake in diglyme-modified RLi butadiene-styrene copolymerizations. 
Reprinted with permission from T. A. Antkowiak, A. E. Oberster. A. F. Halasa, and D. 
P. Tate, J. Polym. Sci. Part A-l. 10, 1319 (1972). 


3. The use of a monolithium initiator and a coupling process, Eqs. 
(30)-(32). 


RU RALi (25) 

RALi RABLi (26) 

RABU RABA (27) 

LiRLi LiBRBLi (28) 

LiBRBLi ABRBA (29) 

RU ^7^ RALi (30) 

RLi 1 ^? RABLi (31) 


RABLi C —r n ‘ >( R AB)„ X 


(32) 


where n ^ 2, and X = coupling-agent residue. 

The use of a monolithium initiator and a three-stage sequential copo¬ 
lymerization, Eqs. (25)-(27), is straightforward and requires no further 
elaboration. However, for success, the dilithium, Eqs. (28) and (29), and 
coupling, Eqs. (30)-(32), approaches depend upon the proper choice of 
reagents. 
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The ideal dilithium compound for use in the synthesis of ABA diene- 
olefin copolymers should be highly difunctional, hydrocarbon-soluble, 
and stable to storage, as well as being conveniently prepared (preferably 
in the absence of polar ligands) from available starting materials. Unfor¬ 
tunately, many known dilithium compounds fail to conform to some or 
all of these criteria. 

For example, simple dilithioalkanes (e.g., 1,4-dilithiobutane) are not 
purely difunctional, and are insoluble when prepared in hydrocarbon 
solvents (81). Monofunctional impurities are especially undesirable be¬ 
cause they lead to AB diblocks that reduce the material properties of the 
ABA copolymers. 

A variety of dilithio initiators have been homogeneously prepared in 
polar solvents [e.g., THF, (C 2 H 5 ) 2 0, etc.] (82, 83)-, yet, polymerizations 
in such solvents result in higher vinyl (lower 1,4) content for the B blocks 
and poorer performance for the ABA copolymers. 

High 1,4 B-block ABA copolymers having good physical properties 
have been reported from l,4-dilithio-l,l,4,4-tetraphenylbutane (84) and 
l,4-dilithio-l,4-dimethyl-l,4-tetraphenylbutane (84) and 1,4-dilithio-1,4- 
dimethyl-1,4 diphenylbutane (85) initiation. These initiators have been 
prepared with a minimum of ether (preferably anisole). However, both 
of these compounds have shown a gradual loss of solubility as a result 
of association of the alkyllithiums. Attachment of solubilizing oligomeric 
polydienes apparently alleviated this problem (84, 85). 

The Lithcoa Co. has commercialized a series of dilithium reagents, 
DiLi-1 (IA) (17), DiLi-3 (18), and DiLi-4 (19) (86) that also depend upon 
dimerization or oligomerization of hydrocarbon monomers for increased 
solubility. These materials have been applied to the synthesis of ABA 
copolymers. DiLi-l and DiLi-IA have the following structures (17). 


H H3C 

1 J 

ch 3 h 3 c^ 


'TC' -CH—CH 

H Li H 

-C—CH=CH— C— 

H H 

V H H V 1 

H Li 


(20) 


where R = H or CH 3 , R' = CH 3 or H, R" = 1,4- and 3,4-isoprene 
adducts, n = 0 (~90%), n = 1 (~10%), and n = 2 (trace). DiLi-l is 
available in benzene-dimethyl ether solvent, and shows a substantial loss 
in activity at ambient temperature or above. DiLi-l A uses a benzene- 
anisole solvent and allegedly shows no significant loss in activity during 
30 days of storage at room temperature. 

DiLi-3 (18) and DiLi-4 (19) are oligomeric aromatic, dilithium com¬ 
pounds in hexane-triethylamine solvent. 
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R-CH.-I 

DiLi-3 




Y 

■CHCHjR 


(18) 

= 1(~ 10%); n = 2(trace) 


/\^CH(R' ) n Ll 

LiCHj —T^)J CHjR 

DiLi-4 

(19) 

R = s-butyl 

n = 0(~ 90%); n = 1(~ 10%); n = 2(trace) 

The claimed distribution of mono-, di-, and trilithium compounds in DiLi- 
3 is 90:10:trace (86). However, other workers (87) have found it to be 
22:64:13 by GC/MS analysis; erratic results for this initiator have also 
been observed by other investigators (88). DiLi-4 is alleged to be more 
stable in storage than the other DiLi compounds, but confirming tests by 
independent laboratories are lacking. 

Fetters and co-workers (89, 90) reported a difunctional initiator (20) 
from lithium and 2,4-hexadiene which, presumably, could be used for the 
synthesis of ABA copolymers. This initiator is not only oligomeric but 
also has bulky chain ends for reduced Li association and increased sol¬ 
ubility. Although a purely hydrocarbon-soluble initiator was claimed, 
most of the data were based upon catalysts in benzene-amine solvents. 
Also, the authors mentioned that this initiator is stable at room temper¬ 
ature, but no detailed aging data were given. 

CK, R R' 

LiCH, -C=C C =C-CH,-(-R’-V L1 

DlLi-l(lA) 

(17) 

Foss and co-workers (88) reported ABA copolymers obtained from a 
new dilithium reagent; this organolithium initiator was formed by the 
addition of jec-butyllithium to m-diisopropenylbenzene in the presence 
of a small proportion of triethylamine, followed by reaction with isoprene 
to improve the hydrocarbon solubility. Unfortunately, the starting ma- 
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terial, m-diisopropenylbenzene, is no longer available in commercial 
quantities. 

Sigwalt and co-workers (91, 92), also, have described a dilithium ini¬ 
tiator (21) for use in the preparation of block copolymers. However, a 
multistep synthesis of this initiator is required. 

V 1 Y 

C,H,CH, -C —(-CH,")j—C—CH,C 4 Hg 

<U C^H, 

( 21 ) 

In addition, compound 21 precipitates from hexane solution after 3 days 
at room temperature. Oligomerization with isoprene furnishes a more 
soluble dilithium reagent from which ABA copolymers having good mo¬ 
lecular-weight control have been made. 

Similarly, Tung and co-workers (92a) reported dilithium anionic initi¬ 
ators based upon double 1,1-diphenylethylene compounds, such as bis- 
[4-(l-phenylethenyl)phenyl] either (21a). 



(21a) 


Addition of sec-BuLi to 21a resulted in a hexane-insoluble dilithium 
initiator that could be solubilized with 1,3-butadiene, and subsequently 
used for block-copolymer synthesis. Once again, the starting material for 
the initiator based upon 21a is available only via special syntheses. 

Obviously, the search for the perfect dilithium reagent for use in ABA 
synthesis has attracted many workers, and yet, no clear (especially com¬ 
mercial) choice has emerged. Further work in this area is to be encour¬ 
aged. 

The synthesis of (AB)„X block copolymers by the coupling of ABLi, 
Eqs. (30)-(32), has been accomplished by use of various coupling agents 
(93). Linear (AB)„X (n = 2) copolymers are formed from reactions in¬ 
volving coupling agents such as bis(chloromethyl) ether, dibromobutane, 
and a,a'-dichloro-p-xylene. Branched or "star” (AB)„X, n > 2, copoly¬ 
mers can be prepared by use of multifunctional joining agents such as 
silicon tetrachloride, l,2,4-tris(chIoromethyl)benzene, and chloromethy- 
lated polystyrene. All of these coupling agents lead to copolymers having 
a number of branches equal to or less than the functionality of the 
coupling agent. However, the use of divinylbenzene (DVB) as the joining 
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agent can result in star block copolymers having as many as 29 branches, 
depending upon the RLi:DVB ratio (94). 

Anionic metalation and grafting of polymers using alkyllithium com¬ 
pounds has become an important field of activity. The goal of anionic 
metalation is to generate on the polymer backbone an anion that can be 
used as a site for further growth of like or unlike monomers. It is only 
via metalation with alkyllithium compounds that such an operation has 
become feasible. The discovery (95-97) that chelating diamines enhance 
the activity of alkyllithium toward abstraction of aromatic, benzylic, and 
allylic protons, thereby producing the desired anion, has opened up a 
new area of anionic metalation and grafting. 

Several workers have used this approach to metalate hydrocarbon 
polymers. Plate and co-workers (98), for example, metalated polystyrene 
and monitored the butane evolution by gas chromatography. They re¬ 
ported a 40% catalyst efficiency. However, they did not report the graft¬ 
ing efficiency or the overall effectiveness of this metalating reagent. 

Chalk and co-workers (99, 100), using the same complex, reported the 
lithiation of poly(2,6-dimethyl-l,4-phenylene) ether and poly(2,6-di¬ 
phenyl-1,4-phenylene) ether under various metalation conditions. They 
achieved a catalyst efficiency of only 17%, as determined by the lithium 
content in the polymers. 

Members of a Japanese group (101, 102), using polybutadiene as their 
base polymer, were able to metalate the allylic position of the polybu¬ 
tadiene chain. The allylic anion was then allowed to react with additional 
monomer to produce a grafted polybutadiene copolymer, Eqs. (33) and 
(34). 

Li TMEDA 

(HjC—CH=CH — CH,), + ~ (CH^H=CH-CH)„ (33) 

(H 2 C—CH=CH—CH)„ + styrene — (CH t —CH=CH—CH)„ (34) 

I 

polystyrene 

These workers found that the overall rate of metalation is proportional 
to the polybutadiene concentration and to the square root of the «-bu- 
tyllithium concentration; the overall activation energy of metalation was 
6.6 and 8.4 kcal/mol for polybutadiene and polyisoprene, respectively. 
They showed that 9%, and as high as 27%, monomer units were metal¬ 
ated. 

Independent investigations were conducted on the same substrates 
(polybutadiene and polyisoprene) in the United States by a group at the 
Central Research Laboratories of the Firestone Tire & Rubber Company 
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(103). These workers were interested in preparing useful products (e.g., 
thermoplastic elastomers) by the use of metalation and grafting. (Ther¬ 
moplastic elastomers behave like vulcanized materials without the need 
of sulfur vulcanization.) 

Several aspects of the grafting reaction were studied (e.g., grafting 
efficiency, catalyst efficiency, and catalyst effectiveness). The grafting 
efficiency was determined by acetone extraction of the ungrafted or 
homopolystyrene. The grafting efficiency was determined from Eq. (34a). 

% Grafted efficiency 


styrene grafted 

styrene grafted + homopolystyrene 


100 (34a) 


On the other hand, catalyst efficiency was defined as the ratio of the 
calculated M„ to the experimental M„ (Eq. (34b)]. The calculated M„ was 
determined from the ratm of grams of monomer per mole of metalating 
agent; the experimental M n was determined by measuring the M n of the 
styrene block after oxidative degradation of the polybutadiene backbone. 


The overall effectiveness of the method was therefore defined as the 
product of grafting efficiency and catalyst efficiency. In turn, the struc¬ 
ture and properties of the graft copolymer depended directly upon the 
overall effectiveness of the process. 

For example, these workers (103) found that polybutadiene can be 
successfully metalated by n-BuLi-TMEDA, and the product subse¬ 
quently used to graft styrene monomer to form poly(butadiene-g-styrene). 
This result showed that the grafting-efficiency was 100%. Catalyst effi¬ 
ciency was found to be 75-95%. Thus, the n-BuLi-TMEDA metalating 
and grafting system is particularly effective for polydiene backbones. In 
fact, Falk and Schlatt (104) showed that poly(butadiene-g-styrene) has 
excellent tensile strength. 

Although the use of n-BuLi-TMEDA is an effective method for pre¬ 
paring graft copolymers, undesirable side reactions can occur, especially 
at high temperatures and concentrations of metalating agent (103). For 
example, a chain depolymerization reaction has been observed during 
the metalation of polybutadiene with the reagent at 50 and 70°C. This 
carbon-carbon scission reaction is considered to proceed via the pendant 
vinyl groups [Eqs. (35) and (36)]. 

Another method for generating anions on the backbone chain is to 
have replaceable functional groups that exchange with organolithium 
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[Ll-TMEDA] 


n-BuLl 

TMEDA 


(35) 


depolymerlzatlon 


(36) 


compounds at moderate temperatures without modifying or cross-linking 
the resulting polymer. Metal-halogen exchange is well known in simple 
organic compounds (105, 106). The reaction of organolithium compounds 
with halogenated polyethylene has been disclosed (107), but the reaction 
products were not well characterized. 

Excellent substrates for metal-halogen exchange grafting were found 
to be copolymers of butadiene and o- or p-chlorostyrenes (108). When n- 
BuLi-TMEDA was used as the catalyst, no homopolystyrene was found 
by acetone extraction of the graft polymer, which suggested that the 
catalyst efficiency (exchange efficiency) was very high. However, when 
triethylamine was used instead of TMEDA, analysis of the grafted co¬ 
polymer showed 90% homopolystyrene. 

The work of Cameron and co-workers (109, 110) confirmed the position 
of the lithium in such exchange reactions. These workers studied the 
metal-halogen exchange of chloro- and bromostyrene copolymers with 
n-BuLi-TMEDA and identified the lithiated sites with 2-methyl-2-nitro- 
sopropane. The samples were studied by ESR, and the signal obtained 
from the nitroxide-labeled polymer suggested that n-BuLi-TMEDA ex¬ 
changes with bromostyrene via direct metal-halogen exchange whereas 
reactions of chlorostyrene produce n-alkyllithiated styrenes. The results 
of Cameron and co-workers are consistent with the involvement of ben- 
zyne intermediates, shown here for the chlorostyrene case. 

These findings suggest that a well defined graft copolymer can be 
prepared from the lithium-halogen exchange. Also, the use of nitroso 
labeling has been demonstrated to be a powerful tool for characterizing 
anionic graft copolymers. In the same work, Cameron et al. showed that 
the ease of lithium-halogen exchange is in the sequence Cl < Br < I. 
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VI 

USE OF RLi TO PREPARE TERMINALLY FUNCTIONAL DIENE 
(OLEFIN) POLYMERS 

The utility of functionally terminated ("telechelic”) polymers, partic¬ 
ularly difunctional materials, rests with the ability of such materials to 
be chain-extended to afford a high molecular weight and useful physical 
properties. In general, there are two organolithium-based methods for 
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introducing terminal functionality into diene and olefin polymers. One 
way is to terminate living lithium polymers with appropriate electrophilic 
reagents; the other is to polymerize dienes or olefins with functionally 
substituted initiators. 

Reaction of live polymers with protic agents (e.g., H 2 0, ROH, and 
RNH 2 ) results in simple protonation of the live ends and cessation of 
formation of the kinetic polymer chain. On the other hand, reaction of 
live polymers with some electrophiles can produce end-group substitu¬ 
tion, as well as chain termination, as shown. 



For example, polymers having hydroxyl end groups can be prepared 
by reaction of polymer lithium with epoxides, aldehydes, and ketones 
( 111 - 113 ). Carboxylated polymers result when living polymers are treated 
with carbon dioxide ( 111 ) or anhydrides ( 114 ). When sulfur (775, 7 16 ), 
cyclic sulfides (777), or disulfides ( 118 ) are added to lithium macromol¬ 
ecules, thiol-substituted polymers are produced. Chlorine-terminus poly¬ 
mers have reportedly been prepared from polymer lithium and chlorine 
( 119 ). Although lithium polymers react with primary and secondary 
amines to produce unsubstituted polymers ( 120 ), tertiary amines can be 
introduced by use of p-(dimethylamino)benzaldehyde (727). 
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One drawback to the treatment of dilithium polymers with certain 
electrophilic agents is the formation of an intractable anionic association 
or gel. The degree of association is related to the charge density of the 
electrophile and increases in the following order: 

s o 

h 2 o < co, < / \ < / \ 

Of course, the practical result of gel formation is an inability to mix the 
reagents (III, 117, 12la). However, it has been reported that this tend¬ 
ency to form a gel can be greatly reduced by use of solvents having a 
solubility parameter of =£7.2 ( I2Ib ). 

Functional organolithium reagents have only recently been employed 
to prepare functionally terminal, polydienes and polyolefins. Of course, 
the functional groups must be stable to, or protected from, organolithium 
reagents. Hydroxyl and amino groups have been introduced directly or 
indirectly in this manner. It is possible to prepare polymers having the 
same or different end groups by use of functional organolithium initiators 
[Eqs. (37)—(40), where X = functional group, R = alkyl or aryl group, M 
= monomer, and (M)„ = polymer]. 

XRLi + M-XR+M-^Li (37) 


A 

XR-fM-F B Li-► XR-f-M-)- B CH 2 CH 2 OLi (38) 


XR-f-M-^U- - —► XR-fM-^COOLi (39) 

(Cft^SiCl, ^ 

XR-fM-^Ll -XR-fM-)„— Si— (-M-^RX (40) 

CHj 

An example of a functional organolithium initiator is p-lithiophenoxide. 
It acts both as a carrier of hydroxyl functionality and as an initiator for 
polymerization (122). Unfortunately, p-lithiophenoxide has a low solu¬ 
bility, even in such polar solvents as THF, and up to 30% of the initiator 
is initially inactive toward polymerization. It is difficult to control poly¬ 
mer molecular weights when such initiators are used (123). Trepka (124) 
improved the solubility of p-lilhiophenoxide by the introduction of alkyl 
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substituents on the ring. However, only moderate yields of the alkylated 
initiator were reported. Fletcher and Hirshfield (123) described a similar 
catalyst, Bu 4 NOCeH 4 Li, which is soluble in THF. However, no yields 
for its preparation were given. 

Uraneck and Smith [125] reported that the product of 2,4-pentadien-l- 
ol and jec-butyllithium [Eq. (41)] can be used to prepare polymers with 
terminal hydroxyl groups. 

2C4HsLi + 2 ,4-pentadien- 1 -ol -» LiOC,H„Li + C 4 H,„ (41) 

Unfortunately, some of the jec-butyllithium (~13%) remains unreacted. 

To circumvent the problems of low reactivity, low solubility, and/or 
low yield associated with the previously mentioned hydroxyl functional 
initiators, Schulz and co-workers (126) built protected-hydroxyl function¬ 
ality into organolithium molecules. Specifically, alkyllithium initiators 
containing hydroxyl-protecting groups [mixed acetal, e.g., tetrahydro- 
pyranyl (22) and a-ethanoxyethyl ether (23)] have been prepared. 

( 22 ) 

The mixed-acetal groups are stable both to organolithium reagents and 
living lithium polymers. Such initiators are preparable in high yield and 
are soluble in diethyl ether or benzene but insoluble in hexane (126, 127). 
Hydrolysis procedures have been developed for the removal of these 
protecting groups (the regeneration of hydroxyl functionality) without 
concomitant cross-linking of polydiene backbones. Dilute solution hy¬ 
drolysis is preferred over bulk methods (127a). Hydroxyl polymers pre¬ 
pared via the intermediacy of lithiumalkyl acetal initiators have shown a 
high degree of functional purity. Furthermore, dihydroxy 1-terminated 
polymers can be prepared gel (association)-free by this method (126). 
This synthetic method has now been successfully extended to the prep¬ 
aration of telechelic polysiloxanes (127). 

Similarly, 3-(dimethylamino)propyllithium has been used by Eisenbach 
and co-workers (128, 129) to prepare tertiary amine-terminated poly(a- 
methylstyrene) polymers. However, primary amine-ended polymers have 
tended to elude synthesis by organolithium methods because primary 
amine hydrogens "kill” living lithio macromolecules (120). 

To avoid this difficulty, Schulz and Halasa (130) found that the primary 
amine group can be protected from organolithium reagents and lithium 
polymers by use of the /V,/V-bis(trimethylsilyl)amino, —N(TMS) 2 , pro¬ 
tecting group. In turn, the —N(TMS) 2 -substituted polymers can be con- 


OC.H, 
L1R—OCHCHj 

(23) 
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verted to primary amine polymers by simple hydrolysis [Eqs. (42) and 
(43), where R = H, CH 3 ; P = polydiene polymer]. Furthermore, such 
preparative procedures are gel (association)-free. 




ch 2 =ch—ch=ch, - 


0,^cj>-p 


s >r-^5)-P —■= — P 


(42) 

(43) 


VII 

UNSOLVED PROBLEMS/FUTURE TRENDS 

Throughout the course of this review, various needs and unsolved 
problems in the area of organolithium catalysis of olefin and diene po¬ 
lymerization have been identified. The following research objectives 
merit further investigation by organometallic and/or polymer chemists. 
(1) Use of 7 Li-NMR to study the “live” lithium chain ends. (2) Use of 
6 Li- with 13 C-NMR to examine the bonding of chain ends. (3) Use of 
tagged 13 C monomers to study t t-ct perturbations. Will this provide a 
means of measuring the elusive complex of butadiene with lithium chain 
ends in the copolymerization of butadiene and styrene in hydrocarbons? 
(4) Determination of the thermodynamics of the interaction of organoli¬ 
thium compounds with polar ligands. (5) Examination of polymers pre¬ 
pared in polar media for tacticity. Can tacticity be controlled? (6) Syn¬ 
thesis of hydrocarbon-soluble, solely difunctional dilithio reagents for use 
in preparing ABA copolymers. 
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I 

SCOPE OF ZIEGLER CATALYSIS 


A. Introduction 

Ziegler catalysis involves rapid polymerization of ethylene and a-ole- 
fins with the aid of catalysts based on transition-element compounds, 
normally formed by reaction of a transition-element halide or alkoxide or 
alkyl or aryl derivative with a main-group element alkyl or alkyl halide 
(1,2). Catalysts of this type operate at low pressures (up to 30 atm), but 
often at 8-10 atm, and, in special cases, even under reduced pressure, 
and at temperatures up to 120°C, but often as low as 20-50°C. Approxi¬ 
mately 2,200,000 tons of polyethylene and 2,900,000 tons of polypropyl¬ 
ene are produced per year with the aid of such catalysts. The polyeth- 
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ylene produced is characterized by the absence of large amounts of long- 
or short-chain branching, which caused variability in density, crystallin¬ 
ity, and melting point in the earlier discovered high-pressure, low-density 
polyethylene product formed by radical-induced polymerization (3) 
(Table I). 

Using such a-olefins as monomers, Natta (4,5) found that most of the 
product had a stereoregular structure. Thus, under conditions easy to 
realize, isotactic structures (A) 


I I I I I I 

R R R R F) R 


and syndiotactic structures (B) 




are preferred to the statistical atactic structure (C). 




c' 

R 


'C 

R 


(C) 


The differences between the different forms of polypropylene produced 
(assuming equal molecular-weight distribution, equal percentage of 
branching, etc.) are remarkable (Table II). 

Using diolefins and carefully selected Ziegler-type catalysts, it has 
been possible to obtain the 1,4-c/s-, the 1,4 -trans-, and the 1,2-polybu¬ 
tadienes more than 98% pure. In the case of polyisoprene, the 3,4-struc¬ 
ture is produced. There are thousands of patents involving every com¬ 
bination of pure or mixed main-group alkyls with transition-element 
compounds, each claiming advantages. However, compositions contain¬ 
ing titanium, vanadium, chromium, and, in special cases, molybdenum, 
cobalt, rhodium, and nickel are primarily used. 

Most Ziegler catalyst systems are heterogeneous, but some homoge¬ 
neous systems are known, and it is not clear at present that stereoregu¬ 
lation and stereoselectivity are the results of heterogeneity. 
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TABLE I 

Comparison of Different Types of Polyethylene (J)“ 


Polymer type 

[ High pressure | 

Ziegler 




HP-HD 4 

| Polymethylene 

Density (g/cm 1 ) 

0.91 

0.93 

Phillips 

0.95 0.97 

Crystallinity (%) at 20°C 

65 

75 

85 

95 

Optical melting point (°C) 

105 

120 

125 

135 

Flexural stress at a given strain 

~85 

-100-140 

-300-370 

-325-350 

(kP/cm 2 ) 

Tensile strength (kP/cm 2 ) 

140 

200-250 

200-450 

280-430 

Notched impact strength 

10 

5 

4 

3 

(kP cm/cm 2 ) 

Shore hardness 

40-45 

45-60 

-65 

-68 

CH 3 groups per 1000 C atoms 

20 


1-3 

1.5 


• Values in the table refer to products having comparable melt index of 0.4-2.0 (ASTM- 
D 1238-52 T). 

* HP-HD, high-pressure-high-density. 


A two-step mechanism for catalysis is widely accepted; (1) adsorption 
of the monomer, which may be activated, with the configuration estab¬ 
lished in this step, and (2) insertion of the activated monomer into a 
metal-carbon bond. This sequence places Ziegler-type polymerization in 
the context of what Nature accomplishes with enzymes. 

Several articles have been published that give detailed information on 
the subject of this review, covering the literature up to 1975-1979. These 
include books by Pracejus (6) and Boor (6a) and a chapter by Caunt (7), 
together with an account of the kinetics of Ziegler-Natta polymerization 
by Keii (8). In addition, a memorial volume (9) to Ziegler, edited by 
Chien, summarizes contributions to most fields of study on coordination 
polymerization. The following areas are reviewed in reference (9); (i) 

TABLE II 

Some Characteristics of Polypropylene 


Polypropylene 


Characteristic 

Isotactic 

Syndiotactic 

Atactic 

Melting point (°C) 

165-171 

125-131 

<0 

Crystallinity (%) 

55-65 

50-75 

0 

Tensile strength (kP/cm 2 ) 

320-350 
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considerations concerning stereoregular propylene polymerization (10): 
(ii) stereoselection and stereoelection in a-olefm polymerization (II): (iii) 
the number of active sites for the polymerization of ethylene, propylene, 
and 1-butene by Ziegler-Natta catalysts (12): (iv) the number of propa¬ 
gation centers on solid catalysts for olefin polymerization, and some 
aspects of the mechanism of their action (13): (v) ethylene polymerization 
with catalysts of one- or two-component systems based on titanium 
trichloride complexes (14): (vi) a kinetic model for heterogeneous Zie¬ 
gler-Natta polymerization (15): (vii) homogeneous complex catalysts for 
olefin polymerization (16): (viii) transition-metal alkyl polymerization ca¬ 
talysts (17): (ix) a kinetic approach to elucidation of the mechanism of 
Ziegler-Natta polymerization (18): (x) chain transfer in Ziegler polymer¬ 
ization of ethylene (19): (xi) supported Ziegler-Natta catalysts (20): and 
(xii) stereospecific polymerization of diolefins by 7j 3 -allylic coordination 
complexes (21). 

When Ziegler catalysis was first discovered, it was fascinating to see 
ethylene, a monomer normally difficult to activate, being polymerized 
under atmospheric pressure at room temperature in a Week-glass vessel 
containing gasoline as the solvent, with small amounts of TiCl 4 and 
Al 2 Et 3 Cl 3 , the latter components forming the colloidal suspended catalyst 
(/,//). However, in practice it was difficult to fabricate the resulting 
polymer for practical use. In technical processes it is necessary to deac¬ 
tivate the catalyst after polymerization, remove the diluent, and then 
remove the residues of catalyst with HC1 and alcohols. After this treat¬ 
ment, washing the polyethylene with water and drying with steam were 
necessary. Other complications involved purification of the recovered 
diluent, feedback of the monomer after a repurification step, and, finally, 
the necessity of adjusting the molecular weight by oxidative or thermal 
processes (3). The cost of these steps diminished the advantage of the 
“low-pressure" polymerization process. One of the main tasks of poly¬ 
olefin research, therefore, was to develop new catalysts which produce 
so much polyolefin that the amount of catalyst residue in the final product 
is below a certain limit and thus does not influence the physical properties 
of the polymer, thereby avoiding additional removal steps. 


B. Second-Generation Ziegler Catalysts 

The result of the early work led to development of “second-genera¬ 
tion” Ziegler catalysts (23-29). These are discussed in the next section 
and include (i) nonsupported trivalent titanium compounds, (ii) products 
of treating magnesium compounds with titanium compounds, and (iii) 
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catalysts based on chromium compounds. Thus, later work brought about 
a remarkable simplification of polymerization and workup processes (see 
Table III). 

Polymers produced with unmodified Ziegler catalysts showed ex¬ 
tremely high molecular weight and broad distribution (30), and in some 
cases there was evidence for “living polymer” (31). In fact, there is no 
reason for any termination step, except for (i) consecutive reactions 
which destroy the catalyst; (ii) termination via hydrogenation of the 
metal-carbon bond, thereby forming saturated polymer and metal hy¬ 
dride; (iii) termination of a growing molecule by /3-elimination step, form¬ 
ing a polymer with an olefinic end-group and a metal hydride; and (iv) 
termination of a growing molecule by the “Verdrangungsreaktion,” the 
monomer forming a polymer having an olefinic end-group and a metal 
alkyl. 

Scheme 1 shows simplified chain propagation and chain-termination 
steps. Hydrogenation terminates the chains, forming saturated polymers 
and hydride, the latter adding olefin to reactivate the catalyst centers. 
As a consequence, the molecular weight of the polymers is decreased. 


TABLE III 

Comparison of Old and New Ziegler Polyethylene 


Conventional process 

Second-generation process 

Polymerization 

Polymerization 

Density 

Density 

Molecular weight (limited 
influence) 

Molecular weight 

Molecular-weight 

Molecular-weight 

distribution (limited 
influence) 

distribution 

Workup 

Workup 

Catalyst deactivation 

Removal and feedback of 
diluent 

Removal of diluent 

Drying of catalyst residue 
Purification and new drying 
of diluent 

Waste-water treatment 

Drying of polymer 

Finishing 

Thermal degradation of 
molecular weight 
Molecular-weight 
distribution by blending 

Finishing 

Stabilization 

Stabilization 
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/QH—ch 2 


CHj—C ^ 2 


y * 2 


Chain Tarmination 

(a) by n-Ali>«inalion with H-transfer to monomer 


/CH-CfH 

V H ’ H 




(b) by hydrogenation 
/ R 

CH 2 -Ch' 2 CH 3" CH ^ 

p M-H 


(c) by D-eliminotion forming hydride 

ch 2 = ch—r 



Scheme 1. Mechanism of ethylene polymerization (M = transition metal). 


There are difficulties with monomer feedback when the hydrogen pres¬ 
sure is high compared with the partial pressure of ethylene. It is reported 
that a Phillips Petroleum Company catalyst which operates at —50 atm 
and 150-180°C (27,32) is not influenced by hydrogen in a manner which 
decreases the molecular weight of the product. 

Decrease in molecular weight is also a consequence of labilization of 
the metal-organic bond brought about by certain ligands and by the 
nature of the alkyl group (al). Ziegler’s early investigations showed that 
there is an equilibrium which leads to polymers having a vinyl end-group. 
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The resulting hydride reacts in the same manner as the hydride formed 
by hydrogenation. 

al—CH2—CHj—R ^ al—H + CH^CHR 

There is evidence of a parallel mechanism which forms polymers with 
vinyl end-groups without hydride as an intermediate via /3-hydrogen ab¬ 
straction. 

al—CHj—CH*—R + CHj=CH 2 ^ al—CHj—CHjH + CH^=CH—R 

This is the “Verdrangungsreaktion” with the monomer, and it is cata¬ 
lyzed by the Ziegler catalyst or its consecutive products. Using aluminum 
alkyls and “C-labeled ethylene, under conditions not causing any inser¬ 
tion or hydride formation and in the presence of a "dead” catalyst, an 
equilibrium distribution of labeled ethylene between the gas phase and 
the alkyl is reached (33). It has been possible in certain cases to use this 
effect to reduce molecular weight from over 1 million to some hundreds 
by increasing the temperature from 25 to 100°C without any loss in 
efficiency (34). 

Consecutive reactions leading to varying of the nature of the catalyst 
(number and type of active centers) during the polymerization cause 
broadening of molecular-weight distribution. A multitude of related but 
different "catalysts” are present during the polymerization, each forming 
its own polymer. Consequently, the first successful step for "tailoring” 
catalysts was to avoid the loss of centers and to prevent the uncontrolled 
formation of new active centers. This was accomplished by using TiCl 3 
with lattice distortions, together with exhaustive milling and grinding of 
the material in the presence of aluminum alkyls, until a particle size of 
~60 A was reached. Down to this size, a strong proportionality of activity 
to surface, determined by X-ray investigation, was found (13) (see p. 
143). When milling /3-TiCl 3 in the presence of a-olefins (ethylene and 
propylene), polymerization takes place even in the absence of aluminum 
alkyls (35). The transition-metal catalyst was prepared by treatment with 
aluminum alkyls, giving network structures in which the aluminum atoms 
are considered highly active islands in a matrix of hydrocarbons. Such 
a structure prevents bimolecular reactions of catalyst centers. Similar 
work has involved polymeric ligands (36,37). 


II 

PROCESS OPERATION 


Process development and process simplification are best understood 
with flowsheets (ref. 3, p. 59; ref. 38-40). A typical flowsheet involving 
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a suspension process for ethylene polymerization is given in (38). Alu¬ 
minum organic compounds [tri(isohexyl)aluminum, isoprenylaluminum] 
are blended with chloride-containing trivalent titanium compounds [for 
example, Ti(III) alkoxychlorides or a catalyst based on reaction products 
of magnesium with titanium] and used with a diluent (normally a hydro¬ 
genated naphtha in the boiling range of 130-160°C). The catalyst slurry 
is fed into the polymerization reactor along with ethylene (99-9% pure) 
and such comonomers as 1-butene or propylene to adjust the product 
density to 0.942-0.965 g/cm 3 . Temperatures are maintained at ~80-90°C 
and the pressure at 8- lObar. Catalyst efficiency is doubled if the pressure 
is increased to 20-25 bar, but even at 8 bar it is high enough to lead to 
polymerization with 98-99% conversion. No deactivation or washing 
with an alcohol is necessary. This allows transfer to a centrifuge where 
90% of the diluent is withdrawn for immediate recycle to the catalyst 
preparation stage without purification. After stripping with steam, the 
polyethylene (free from diluent but wet) is centrifuged to remove water. 
Final drying takes place in a fluidized-bed air dryer. Because polyethyl¬ 
ene is sensitive to oxidative attack (catalyzed by sunlight) (41), antioxi¬ 
dants, substances with phenolic groups, have to be added (42). 

In a typical 80,000 tons/year plant, capital costs were about $220 per 
metric ton in 1974. To produce 1000 kg of polymer, 1030 kg of monomer 
is needed, together with I kg of hydrogen and 25 kg of diluent. Catalyst 
and miscellaneous chemicals cost about $4 per 1000 kg of polyethylene 
pellets produced. For production, 300 kg of medium-pressure steam, 800 
kg of low-pressure steam, 530 kWh of electrical energy, 200 m 3 of water, 
30 m 3 of nitrogen, and -600 m 3 of air are also required. To polymerize 
propylene in suspension, the same technology can be used. Catalysts 
now available [based on TiCl 3 (see Table II)] make it unnecessary to 
separate isotactic from atactic materials. 

A further simplification occurred when it was recognized that gas- 
phase polymerization was possible without any solvent in a fluidized bed. 
Agitation by fluidization is sometimes assisted by stirring (43). Highly 
purified gaseous ethylene is fed continuously into a fluidized-bed reactor 
containing catalysts based on supported chromium (efficiencies up to 600 
kg of polyethylene per gram of Cr). The flowsheet of a process developed 
by Union Carbide is shown in (39). Fluidization is accomplished by 
circulating the monomer gas which also carries away the heat of poly¬ 
merization. Temperatures are held at 85-100°C and pressure is held at 
—20-25 bar. The polymer particles formed are intermittently removed 
from the lower part of the vertical polymerization reactor. 

Gas-phase polymerization saves 15% on investment compared with 
liquid-phase processes. To produce 1000 kg of polymer, 1017 kg of mono- 
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mer is needed, as well as 0.3 kg of hydrogen and 20 kg of butene or 
propylene as comonomer to adjust the density to 0.94-0.966 g cm -3 . 
Catalyst costs are comparable to those for the liquid-phase process, and 
400 kWh of energy is needed. 

Wisseroth (43) described the development of gas-phase polymerization 
of ethylene and propylene. Reference to the original paper is recom¬ 
mended for those interested in large-scale production and technical 
plants. It is possible to summarize the results of some hundred runs in 
a nomogram (see Fig. 1). In the same context, the reader may wish to 
refer to the mathematical modeling of reactors (44). The conclusions 
drawn by Wisseroth highlight the state of our knowledge and show that 
a great number of selected parameters can usually be interpreted by use 
of more than one theory. However, the reported data on solubility (ste¬ 
reospecificity), molecular weight, and valence state, as well as activity of 
the catalysts, can also be understood on the basis of the widely accepted 
mechanism summarized by Chien and Hsieh (20, 29). 



Fig. 1. The reaction-kinetic relationships between the experimental parameters (dura¬ 
tion of experiment, quantities, catalyst components, average molecular mass, solubility in 
n-heptane, and catalyst yield) for propylene, gas-phase polymerization. Experiment in a I- 
liter autoclave. Catalyst TiCI 3 -AlEt 3 , room temperature, 1 bar, time (t) in hours. From 
Wisseroth (43). 
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The year 1977 marked the start-up of a 75,000 ton/year plant, operating 
on the gas-phase basis, in which a pretreated catalyst from trialkylalu- 
minum and titanium trichloride is used. The temperature is held at 90°C, 
and the propylene is recycled by condensation with compression and 
cooling to serve as a cooling agent during evaporation in the fluidized 
bed. Yields of 3 g liter -1 min -1 and 15,000 g of polymer per gram of 
titanium (maximum known 40,000-60,000 g/g) are reported. 


Ill 

STEREOSELECTIVITY, KINETICS, AND MECHANISM 

A. Stereoregulation 

The fact that technical plants produce products on the basis of empir¬ 
ical parameters, but without any certain knowledge as to mechanism and 
with a lack of kinetic knowledge, is both depressing and stimulating at 
the same time. Only a few investigators have considered the difficulties 
that arise from transport phenomena (45-49). The reviewers agree with 
Reichert (40) that the rate constants and equations reported should be 
read with skepticism. Well known reviews have been provided by Keii 
(18) and Cooper (50). It is remarkable that several supported-catalyst 
systems polymerize propylene and yet have no polymerization activity 
as homogeneous catalysts (20). All homogeneous-catalyst systems for 
ethylene polymerization become heterogeneous when the polyethylene 
is formed. As reported in a later section, there is one homogeneous 
system based on aluminoxane as the soluble aluminum organic compo¬ 
nent which polymerizes propylene to an atactic soluble material, and 
ethylene to insoluble polyethylene. Copolymers are formed (51) as well. 

The mechanism of Ziegler-type polymerization has not only to explain 
rate expressions found by kinetic measurements, but also the structure 
of the polymer. The structure and the molecular-weight distribution of 
the polymers are a record of what happened during the polymerization 
reaction. What is to be explained may be summarized by discussing 
propylene as a monomer. 

On using vanadium-based homogeneous catalysts, polymers consisting 
of syndiotactic stereo-blocks and stereo-irregular blocks are obtained 

(52) . Interesting changes occur with temperature. It is remarkable that 
the ratio M w :M n = 2:1 is reached if the temperature is less than -40°C 

(53) . As Zambelli (10) has summarized, ethylene-propylene copolymers 
prepared with syndiotactic specific catalysts contain both “meso” and 
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R 


Fig. 2. Isolated ethylene unit in a vinyl chain can be found in a meso (M) or a racemic 
(R) environment. 

“racemic” isolated ethylene units (see Fig. 2). This shows that in this 
case steric control is due to the chirality of the substituted carbon atom 
of the last unit of the growing chain ( 54 ). Zambelli (55) assumed four- 
membered rings in the transition state, with “secondary” insertion of the 
complexed monomer (see Fig. 3). 

It must be noted that the approach of the monomer to the reactive 
metal-carbon bond should occur from the less hindered side. The greater 
stability of the “trans” complex should arise because the substituted 
carbon atom of the last unit is involved in the formation of the four- 
membered ring, so that reaction is hindered. The structure of copolymers 
of deuteropropylene from cis- and /ran^-(W,)-propylene proved that, 
even in syndiotactic polymerization, cis-addition to the double bond 
occurs, because with 1,2-disubstituted monomers, structures of “ery- 
thro” and “threo” di-syndiotactic polymers degenerate (see Fig. 4). 

If the metal (M) has very bulky substituents, the second insertion step 
is impossible. With smaller substituents, the monomer always approaches 
the reactive metal-carbon bond from the same side, the customary sit¬ 
uation if M is part of a disturbed crystal lattice, leading to isotactic 
polymerization (see Fig. 5). 

The property of “primary” insertion is demonstrated both by the 






M 



-cH* 


Fig. 3. The active state a (trans) should be 


stable than b (cis). 
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(A) 


Fig. 4. (A) Threo (or gauche) disyndiotactic copolymer; (B) erythro (or trans) disyn- 

diotactic copolymer. No degeneration of the erythro and threo units takes place in perdeu- 
teropropylene- l(/,-propylene syndiotactic copolymers. 


terminal unsaturation of the polymer (56) and by the almost stoichiomet¬ 
ric reaction observed between monomer and catalyst (57). The cis-addi- 
tion to the double bond was proved when Miyazawa and Ideguchi (55) 
established that the polymer of c7s-(l</,)-propylene is erythro-diisotactic, 
whereas the polymer from franj-(lr/,)-propylene is threo-diisotactic (see 
Fig. 6). These monomers were initially obtained by Natta et al. (59), who 
first showed that D instead of H is sufficient to cause chirality. Copoly¬ 
merization of ethylene with propylene shows that isotactic steric control 
is due to the metal atom only. Chirality of —C(CH 3 )H—P, or achirality 
of —CH 2 —P, the last unit of the growing chain (P), has no influence on 
isotacticity. All "isolated” CH 2 —CH 2 units are in the same steric envi¬ 
ronment (essentially meso; cf. Fig. 2). Nevertheless, there are disturb¬ 
ances caused by steric and arrangement defects (60). It is believed that 
stereospecificity is increased proportionally to the M—M and M—Cl 
distances in the lattices of FeCl 3 , VC1 3 , CrCl 3 , or TiCI 3 (61). 

Pino et al. (II) summarized the attempts made to produce optically 



Fig. 5. Steric hindrance above and below M should be determining in order that 
isotactic propagation shall take place. 
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HDDHHDDH 

Fig. 6. Three stereoregular polymers have been obtained from cis- and trans-ld,- pro¬ 
pylene: viz., threo-diisotactic (ti), erythro-diisotactic (ei), and disyndiotactic (ds). 


active polymers by using racemic monomers. It was found that stereo¬ 
selectivity is strongly influenced by the distance of the asymmetric carbon 
atom from the double bond. Very high stereoselectivity is observed for 
racemic 4-methyl-1-hexene and racemic 3,7-dimethyl-l-octene, where the 
asymmetric carbon atom is in the a-position relative to the double bond. 
No stereoselectivity occurs on using 5-methyl-1-heptene; this indicates 
that, when the chiral center of the monomer is the y-position, the (chiral) 
catalytic centers of the catalyst are unable to distinguish between the two 
monomer antipodes (62). 

Stereoselectivity is caused by the chirality of the catalytically active 
center, and not by chiral atoms in the growing chain. This was strikingly 
shown by the fact that copolymerization of racemic 4-methyl-1-heptene 
and 3,7-dimethyl-I-octene with ethylene produces polymers from which 
the separation of products having optical activity of opposite sign was 
possible. It may therefore be concluded that insertion of ethylene units 
into the growing chains neither cancels the stereoselectivity of the po¬ 
lymerization nor decreases it appreciably. On the other hand, using a 
homogeneous catalyst [formed from Ti(CH 2 C 6 H 5 ) 4 and A1(CH 2 C 6 H 5 ) 3 
(6J)] instead of a heterogeneous Ziegler-type catalyst, stereoselectivity 
with 4-methyl-1-hexene could not be proved. More data are available, 
and a sophisticated discussion of free-enthalpy values (AG) for ground 
and excited states is presented by Pino et al. (II). All of the results are 
in good agreement with ideas given earlier and may be summarized as 
shown in Scheme 2 and Fig. 7. 

(1) Insoluble Ziegler catalysts contain chiral centers, and these are 
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-(n-l)C,H 6 
(? + r = 1) 


CH, CH, 

P,-*- —C—CH,—C—CH,—(Cat) 

H H 

a, 

(Final state 1) 

<b) 

CH, H 

P,-—C—CH,—C—CH,—(Cat) 

H CH, 

(Final state 2) 

Scheme 2. Stereochemistry of the insertion of a single propylene unit in a growing chain. 


responsible for the stereospecifity and for the stereoselectivity of the 
polymerization of racemic a-olefins. 

(2) An isotactic stereospecific polymerization arises essentially from 
the favored complexation of one prochiral face of the a-olefin, followed 
by a stereospecific process. The stereospecific insertion process and the 
stereospecific polymerization of racemic a-olefins giving isotactic poly¬ 
mers may be expected to be stereoselective whenever the asymmetric 
carbon atom is in an a- or /3-position relative to the double bond, and 
when the interaction between the chirality center of the olefin and the 
chiral catalytic site is negligible. 

(3) The observed low stereoselectivity in the case of stereospecific 
catalysts prepared from optically active metal alkyls indicates that the 
small difference in the polymerization rate of the two antipodes arises 
from modification of the environment of the enantiomeric catalytic cen¬ 
ters rather than from a prevalence of catalytic centers that have the same 
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type of chirality. Chirality can be induced to a lesser extent by adding 
polar substances having chiral centers (21). 

Many results obtained with diolefins can be explained in essentially 
the same way as for those with a-olefins. Nevertheless, there are some 
differences concerning observations made with 7j 3 -allylnickel complexes 
and the influence of ligands on the results obtained by using Ziegler-type 
conditions (64). Some of these systems are far from being true Ziegler- 
type catalysts. Probably, the structural isomerism of polydienes depends 
essentially on the specific nature of the metal which forms a complex 
with the diene involved. 

Polymers of 1,4-dienes are obtained in the presence of titanium, and 
also with Co, Ni, and Rh, where allyl complexes can be isolated. 1,2- 
Polybutadiene can be produced in the presence of Pd, which is not 
generally regarded as a Ziegler catalyst. Chromium and molybdenum 
systems have also been used. Whereas structural isomerism is controlled 
by the metal in the catalyst center, the geometric isomerism is determined 
by the ligands and counterions. 

For Ziegler-type catalysts based on titanium, we prefer the interpre¬ 
tation proposed by Cossee (65) and Arlman (66); this is based simply on 
monodentate-trans or bidentate-cis coordination of the diolefin which, 
respectively, gives a trans or cis configuration in the polymer produced 
(see Fig. 8). 




Fig. 7. Reaction path of the two-step addition of a single propylene unit to a growing 

chain with a completely stereospecific insertion step: (a) (-) formation of an isotactic 

(meso) diad; (-) formation of a syndiotactic (racemic) diad (projection on the xz plane); 

(b) projection of these reaction paths on the jr.y plane. B„ isotactic (meso) diad, has been 
arbitrarily assumed to be less stable than B 2 , syndiotactic (racemic) diad. For the meaning 
of A, B„ B s , P„ P 2 , see Scheme 2. From Pinoef at. (//). 
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Fig. 8. Control of the cis or trans configurations by the coordinated monomer confor¬ 
mation in 1,4-diolefin polymerizations. 


The halide y-TiCI 3 , which offers only one coordination site at the active 
center, promotes the formation of trans-1,4-polymers, whereas /3-TiCl 3 , 
which provides more sites, favors the formation of a mixture of homo- 
cis- and homo-trans-polymers. Questions about the nature of TiCI 3 struc¬ 
tures may be answered by referring to references (6, 67) and (65); for 
polymerization on catalyst surfaces, refer especially to (69) and (70). 

This mechanism can also explain the influence of strongly basic ligands 
which convert the cis-forming catalyst into a transforming catalyst; for 
publications in the field of kinetics and mechanism in heterogeneous 
systems, references (50 and 71-80) should be consulted. 


B. Origin of Activity 

As already mentioned, nearly all experiments and theories agree that 
polymerization occurs by addition of an olefin to a catalyst center, fol¬ 
lowed by insertion of the (stereoregulated, sometimes stereospecific) 
complexed olefin into a metal-carbon bond at the catalyst center. Figure 
9 shows how such an active center can be situated at the edge of a 
crystal-lattice. It will be seen that the environment of the coordinatively 
unsaturated, but alkylated, Ti atom demands the stereospecific coordi¬ 
nation of the propylene (81). 

It is not surprising that much work has been done to determine the 
number of active sites. Many different structures can be reproducibly 
obtained (82-84); this is a consequence of the heterogeneous nature of 
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the catalyst surface, which varies with the mode of catalyst preparation, 
the temperature and pressure, the duration and intensity of stirring, the 
milling and grinding, and ultimately with the olefin used in the polymer¬ 
ization. Schnecko et al. (12) convincingly showed that the catalyst system 
is initially sensitive toward the individual monomer during the polymer¬ 
ization (see Figs. 10 and 11). 

It must be concluded from the results that reactions take place which 
change the number of active sites present, due to the different behavior 
of the polymers in solution. With polyethylene, crystalline insoluble glob¬ 
ules cause break-up of the catalyst aggregates, and even crystal scission; 
with poly (1-butene) the chains are highly solubilized. 

Yermakov and Zakharov (13) reported comprehensive work on the 
difficulties associated with specific quenching techniques which make 
sure that only the “active” metal-carbon bond is quenched. There is 
evidence that surface determinations by the BET method can give incor¬ 
rect results, but a strong correlation of polymerization rate to crystallite 
surface (determined by X-ray techniques) was found (see Fig. 12). The 
authors conclude that the formation of propagation centers in the case of 
unsupported TiCl 3 proceeds with participation of only those surface ti¬ 
tanium ions that are situated in special surface regions as outcrops of 
growth spirals, or on lateral faces (65-69, 85, 86). 



Fig. 9, The active center of polymerization of propylene at the edge of a crystal lattice. 
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Fig. 10. Normalized metal-polymer bond concentration (MPB) as function of yield of 
polyethylene in grams (curve E), polypropylene (curve P), and poly( 1-butene) (curve B). 
From Schnecko el al. (12). 


The surface heterogeneity can easily explain the broad molecular- 
weight distribution that is observed experimentally, as shown earlier by 
Clark and Bailey (32). Besides the monomers that cover, or even disturb, 
the catalyst surface, side reactions occur. Aluminum alkyls in the sur¬ 
rounding solution act as alkylating agents and, depending on the degree 



Fig. 11. Polydispersity (M^W„) as a function of time for ethylene (curve E), propylene 
(curve P), and 1-butene (curve B) polymerizations. From Schnecko et al. (12). 
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Fig. 12. The ratio between the activity of propylene polymerization catalysts and their 
specific surface. The specific surface of the samples was calculated from the average sizes 
of primary crystallites, determined by using X-ray techniques, on the assumption that the 
crystallites have the form of hexagonal prisms (001 axis). Polymerization at 70°C, cocatalyst 
AlEt 2 Cl, monomer concentration 1 M. From Yermakov et al. {13). 


of chlorination, the donor-acceptor properties are enhanced. With a 
“mono”-metallic catalyst such as TiCl 2 (where, in an unknown mecha¬ 
nism, alkyltitanium is formed on the surface) polymerization is strongly 
inhibited when AlEtCl 2 is added (87). Furthermore, there is evidence that 
titanium alkyls react not only with aluminum alkyls but also with other 
titanium alkyls thus forming structures Ti—CH 2 —CH 2 —Ti, or more 
slowly Ti—CH—Ti. 

If it is borne in mind that usually less than 1% of the titanium atoms 
are part of a catalyst center, the weak basis of all of the mechanistic and 
kinetic approaches can be understood. It is still quite unknown how the 
propagation centers are formed. Whatever is measured, the result is 
obtained with a substance that contains only a small concentration of the 
moiety of interest. Nevertheless, the kinetic results summarized by Keii 
(5), Cooper (50), and Chien and Hsieh (20) are of great value and have 
been extended with new and more precise results (76-78, 88, 89). 

It is now clear that, when propagation centers are formed, olefin po¬ 
lymerization by all solid catalysts (including the Phillips Petroleum cat¬ 
alyst from chromium deposited on oxides, and the Standard Oil catalyst 
of molybdenum oxide on aluminum oxide) essentially follows the same 
mechanism: chain growth through monomer insertion into the transition- 
metal-carbon bond, with precoordination of the monomer. Interestingly, 
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as mentioned by Hopff and Balint (90), a typical, Ziegler catalyst was 
first formed with ethylene, Al, A1C1 3 , and TiCl 4 under conditions used by 
M. Fischer (91). 


IV 

TAILORING HETEROGENEOUS CATALYSTS 

To obtain a catalyst for industrial use, the following criteria are im¬ 
portant. (1) Formation of catalyst centers should occur before initiating 
the process. (2) Several catalyst centers should remain stable after initi¬ 
ating polymerization. (3) The environment of the catalyst centers should 
be stable in view of desired properties of stereoregulation and stereospe¬ 
cificity. (4) Solvating the metal-polymer bond should be possible under 
defined conditions causing chain transfer by hydride or by monomer. (5) 
To avoid a final washing, a small proportion of the catalytic material 
should have a maximum number of active centers. (6) Reactions between 
catalyst centers should be avoided. It is meaningless to argue whether 
‘"trial-and-error” or mechanistic ideas have led to the development of 
the so-called “Ziegler-type catalyst of the second generation,” but it 
seems evident to the reviewers that the aforementioned criteria are ful¬ 
filled in the most efficient catalyst compositions. 

The reaction of titanium tetrachloride with organoaluminum com¬ 
pounds leads, after alkylation, complex formation, and reduction, to a 
variety of titanium compounds that, in the absence as well as the presence 
of excess aluminum compound, change by aging, thus failing conditions 
(l)-(3). Better results arise if prolonged reaction, reduction, and aging 
with an excess of organoaluminum compound occurs, leading to a mix¬ 
ture of partially alkylated titanium- and aluminum halides. Alkylation 
may be halted with hydrogen chloride, or by adding an excess of titanium 
tetrachloride. The resulting mixture can be activated with organoalu¬ 
minum compounds containing large alkyl groups, or even having oligo¬ 
meric structures, thus fulfilling condition (6). 

The first high-activity catalyst for ethylene polymerization which 
avoided the necessity of washing was derived from titanium(III)alkoxy 
chloride and triisohexylaluminum (92) [for the patent literature, see (25)1. 
Another route starts with titanium trichloride. Thus, excellent results as 
regards activity are obtained with the so-called Stauffer TiCI 3 which 
contains ~30 mol% of aluminum, obtained according to the following 
reaction. 


3TiCU + Al — (TiCl 3 )3AICI, 
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Of great interest for basic research are investigations on single crystals. 
For example, polymer chains can be grown on slits and edges of a-TiCl 3 
crystals treated with gaseous aluminum alkyls (67). At first, the TiCl 3 has 
an a-structure; this is converted into a y-structure on reaction with 
titanium tetrachloride. Catalysts having high activity are usually less 
stereospecific. Stereospecificity is increased by blocking part of the cen¬ 
ters with alkylaluminum mono- or dichloride (instead of trialkylalu- 
minum), or adding co-components during preparation which mainly con¬ 
sists of a heat-treatment and a grinding process to fulfill conditions (])- 
(4). 

Table IV lists the more important combinations for the preparation of 
highly active and highly stereospecific catalyst systems. As Weissermel 
et al. (27) pointed out, catalyst efficiencies of higher than 40,000 g of 
polymer per gram of titanium and isotacticities greater than 97% for 
propylene polymerization can be obtained. 

A supported catalyst for ethylene polymerization which requires no 
alkyl aluminum for activation was first claimed by the Phillips Petroleum 
Company (32). It consists of chromium oxide on silica, reduced with 
hydrogen. Krauss and Stach (93) showed that the active sites are Cr(ll) 
centers. The presence of solvent, or even aluminum alkyls, diminishes 


TABLE IV 

Important Combinations for the Design of High-Activity, High- 
Stereoselectivity Ziegler Catalyst Systems for Propylene 
Polymerization 


TiCI 3 catalyst components 


Reactants for 

TiCl 4 reduction 

TiCI 3 treatment 

Possible co-components 
during TiCl a treatment 

Aluminum powder 

Aluminum alkyls 

Grinding 

Heating 

Carboxylic acid chlorides 
Ethers 

Tertiary amines 

Tertiary phosphines 

Metal chlorides 

Cocatalysts 

Aluminum alkyls 


Co-components for 
aluminum alkyls 

Aluminumtriethyl 
Diethylaluminum chloride 
Ethylaluminum dichloride + 
Lewis base 


Cyclic di- and triolefins 
Aliphatic ethers 

Carboxylic acid esters 
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the activity. In laboratory-scale experiments {43) an unusual upper limit 
of —150,000,000 parts of polyethylene per part of chromium was ob¬ 
served, whereas in production-scale 240,000 parts of polyethylene per 
part of chromium was reported. Unfortunately, this catalyst is not influ¬ 
enced by hydrogen under polymerization conditions, and there is there¬ 
fore no possibility of establishing the molecular weight during the reac¬ 
tion. 

A chromocene catalyst supported on silica has been studied ( 94 ), with 
ethylene adding to a Cr—H bond. It is remarkable that the chromium 
atom, as well as the migrating hydrogen atom, appears to be essentially 
neutral. For a discussion, see the original article {94). 

-) 5 -c,h 5X »’-c,h. c^, 

(HO),SiO + Cr-H-*- (HO)^SiO—Cr' 


ij 5 -C 5 H,^ CH, 
(HO)jStO—Cr | 

CH S 


Union Carbide {95, 96) developed chromium catalysts that need acti¬ 
vation by aluminum alkyls, but which have the advantage that molecular 
weight can be controlled with hydrogen, as in the case of the titanium- 
based catalysts. To prepare the catalysts, organosilanols are combined 
with chromium trioxide to afford silylchromate. The silylchromate is then 
deposited on a silica support and activated with an aluminum alkyl (see 
Fig. 13). 

Surprising results were obtained when titanium compounds were chem¬ 
ically attached to the surface of a solid magnesium compound. Eley and 
co-workers {97) have investigated reactions of partial hydroxylated mag¬ 
nesium oxide and titanium tetrachloride followed by reaction with tri- 
ethylaluminum. Infrared and gravimetric investigations suggested the fol¬ 
lowing processes. 

(a) Complex formation with the surface 

/—Mg—OH + TiCl 4 —» /—Mg—O—TiCI 3 + HC1 


or 


/—Mg—OH /—Mg—O 


+ TiCl 4 -» 


TiCl, + 2HC1 

/ 


/-Mg-OH 


/— Mg— O 
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bis(triphenyl- 

silyl)chromate 


high-activity catalyst 


- supported silylchromate 


Fig. 13. Preparation of supported alkylaiuminum activated chromium catalysts for 
ethylene polymerization. 


(b) initial alkylation 

/—Mg—O—TiCla + AlEta—► /—Mg—O—TiEtCU + AIEt £1 

(c) reduction (simplified) 

/—Mg—O—TiEtCl 2 -» /—Mg—O—TiCI 2 + Et 

(d) second alkylation 


Cl 

/ 

/—Mg—O—TiClj + AlEt 3 -» /—Mg—O—Ti + AlEt 2 Cl 

\ 

Et 

The titanium(III) alkyl surface compound, formed in the latter reaction, 
is believed to be the active site. Figure 14 summarizes the results of an 
investigation of this (98). Yields of —200,000 g of polyethylene per gram 
of titanium have been reported. In the presence of certain stereoregula¬ 
tors (e.g., the ethyl ester of benzoic acid), propylene can also be poly¬ 
merized with a tacticity of 97%. Chien and Hsieh (99), who investigated 
supported catalysts for stereospecific polymerization of propylene, re¬ 
ported a 100% yield of stereoregular polymers when diethyl ether was 
added to tribenzyltitanium chloride on Mg(OH)Cl. Montecatini (28) 
claimed formation of 150,000 g of polypropylene per gram of titanium. It 
is perhaps worth mentioning that the structural unit me—O—Ti (me = 
Mg or Si on surface) is assumed to be present. Using soluble oligomeric 
aluminoxanes —[Al(Me)-0-Al(Me)-0-Al(Me)-0]—„ and halogen-free 
bis(cyclopentadienyl)dimethyltitanium, soluble systems can be formed 
that polymerize ethylene as well as propylene (see p. 140). Some kinetic 
data have been summarized by Reichert (40), Caunt (7), Chien and Hsieh 
(99), and Soga et al. (98). Research in this area is continuing intensively. 

It should be mentioned that the supported Ziegler-type catalysts have 
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polymerization rate 
Ig-PP/g-Kat «h«bar] 



Fig. 14. Variation of the polymerization rate of propylene with the time (at 50°C) in n- 
heptane for two different catalyst systems; catalyst I g/100 ml of n-heptane in each case. 
From Soga el al. (98). 


an increased sensitivity to molecular weights and molecular-weight dis¬ 
tribution. The M w /M n ratio can be changed from 24 to 4, altering the 
chemical composition (27). Using the aforementioned soluble system, the 
value of molecular weight can be changed from several hundred up to 
more than one million solely by altering the temperature. 

For the formation of supported magnesium-titanium catalysts, the pre¬ 
ferred reactants are Mg(OH)CI and TiCl 4 (WO), MgCl Z '3Mg(OH) 2 and 
Ti(OR),Cl # (with x + y = 4) (Wl), MgS0 4 -3Mg(0H) z and Ti(OR)^l, 
(102), or Mg(OH) z and TiCI, (W3-I06). 

Highly active catalysts are also obtained by treating magnesium 
alkoxides with titanium(IV) chlorides. During the course of catalyst pre¬ 
paration, the original crystal structure is completely destroyed as new 
crystalline species are formed. They are probably a mixture of magnesium 
chloride, magnesium alkoxide, magnesium(alkoxy) halide and magne¬ 
sium-titanium complexes of the type [Mg(TiCl„)(OR) m ] (with n + m = 
6). The final catalyst particles are too small to allow establishment of 
their structure by X-ray diffraction, and they have a much higher specific 
area than the original magnesium alkoxide. Other highly active catalysts 
are formed by reacting pure MgCI 2 or MgCl z -electron-donor adducts 
[e.g., MgCl z -6EtOH] with tetravalent titanium compounds followed by 
activation with organoaluminum compounds. Table V summarizes some 
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TABLE V 

Important Nonsupported Magnesium-Titanium Catalyst Components 
for Ethylene Polymerization 


Reactants 

Probable catalyst species 

References 

Mg(OR) 2 + TiCl< 

-* (MgClj- Mg(OR) 2 - Mg[TiX,]) 



(X = Cl,OR) 

107-109 

MgCI 2 + TiCl 4 

-> (MgCI,Mg[TiX,]) 



(X = Cl) 

110 

MgClj-donor + TiCI« 

-* (MgCl.MgtTiX,]) 



(X = CL, donor) 

III 


of the more efficient nonsupported magnesium-titanium catalyst com¬ 
ponents. 

Study of these new catalysts is intensive. Small molecular-weight dis¬ 
tribution was demonstrated by Petrova (112) and by Baulin et al. (113). 
In addition, polymer substrates have been used (114-116) in order to 
increase lifetime and activity. As shown by Suzuki (36), stabilization is 
caused by inhibition of reduction by polymeric ligands. Karol (117, 118) 
described the reaction of chromocene with silica to form highly active 
catalysts sensitive to hydrogen. An unknown role is played by the struc¬ 
ture mt—CH 2 —CH 2 —mt which is formed with ethylene and reduced 
forms of titanium (119). For soluble systems, it has been shown that the 
mt—CH 2 —CH 2 —mt structure is formed in a biomolecular reaction with 
/3-hydrogen transfer (120). It was considered that this slow, but unavoid¬ 
able, reaction is the reason for changes in activity during reaction and 
that the only way to avoid it is to prevent bimolecular reaction of two 
alkylated species. 


V 

HOMOGENEOUS ZIEGLER-NATTA CATALYSTS 

A. Soluble Systems 

Among the great number of known Ziegler-type catalysts homogeneous 
systems have been preferentially investigated in order to understand the 
elementary steps of the polymerization, which is simplified in soluble 
than in heterogeneous systems. The mechanism of Ziegler catalysis has 
long been debatable; however, the most definitive results have been 
obtained in the course of studying homogeneous systems. Kinetic studies 
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and applications of various methods have helped to define the nature of 
the active centers of some homogeneous catalysts, to explain aging ef¬ 
fects of heterogeneous Ziegler catalysts, to establish the mechanism of 
the interaction with olefins, and to obtain quantitative evidence of some 
elementary steps (7, 8, 16, 120, 121). 

It is necessary to differentiate between the soluble catalyst system 
itself and the homogeneous (or inhomogeneous) polymerization system. 
Unfortunately, the well defined bis(cyclopentadienyl)titanium system is 
a soluble one, but it becomes heterogeneous when polyethylene is 
formed. It is atso ineffective toward propylene. Therefore, the results of 
Reichert and Meyer and others, ( 122-124) performed within the first few 
moments before heterogenity appears, are important. 

It seems that soluble catalysts can be fairly easily removed from poly¬ 
mers. As the color, the stability to light, or the general stability of the 
polymer depends on the degree to which catalysts have been removed, 
soluble systems have received more technical attention. In addition, in 
some cases the diene and copolymerization of a-olefins show extremely 
high stereoselectivity and activity. On the other hand, there are examples 
known where residues of even the homogeneous bis(cyclopentadienyl) 
metal systems lead to "coloring'' of the product. 

Table VI summarizes important homogeneous Ziegler catalysts. The 
best known are the systems based on bis(cyclopentadienyl)titanium(IV), 
titanium'alcoholates, vanadium chloride, or chromium acetylacetonate 
with trialkylaluminum or alkylaluminum halides. 


B. The Titanium System 

Breslow (139) discovered a homogeneous system well suited for kinetic 
analysis. He realized that bis(cyclopentadienyl)titanium(IV) compounds, 
which are very soluble in aromatic hydrocarbons, could be used instead 
of titanium tetrachloride as the transition-metal compound together with 
aluminum alkyls to give Ziegler catalysts. Subsequent research on this 
and other systems with various alkyl groups has been conducted by Natta 
et al. (140, 141), Belov et al. (142-144), Patat (145), Patat and Sinn (146) 
Sinn et al. (119, 147), Shilov and co-workers (148-150), Chien and Hsieh 
(20), Adema (151), Clauss and Bestian (152), Henrici-Olive and Olive 
(153), and Reichert and Schoetter (154) and Fink (155). 

With respect to the kinetics of polymerization and the side reactions 
of the catalyst components, this soluble system is probably the one best 
understood. It has not been used as yet in a technical process because 



Homogeneous 


Transition metal 
(M): aluminum 


System c 

ompound 

Monomer 

Cp.TiCUAlMejCl" 1 

2.5-1:6 

Ethylene 

Cp,TiCWAlMe t CI/H,0 1: 

6:3 

Ethylene 

Cp.TiCIVAlEt.Cl 1 

2 

Ethylene 

Cp,TiMe^AlMe^H,0 1 

10 s : 5* 10* 

Ethylene 

Cp,TiMe^[Al(Me)0]. 1 

100 

Ethylene 

TKOBuVAlEt, 1 

3 

Ethylene 

VO(acac)VEt,AIC17activator 1; 

50 

Ethylene 

Cp,VCVMe,AlCl 1 

5 

Ethylene 

VOClilAlR.Clj-^activator) 


Ethylene 

V(acac) 3 



Crtallyl), - 


Ethylene 

CitacacVEtjAlCl 1 

300 

Ethylene 

Ti(benzyl) 4 - 


Ethylene 

Ti(benzyl)jCl - 


Ethylene 

Ti(benzylVEt,AlCl 1 

: 10 

Ethylene 

Zr(benzyl) 4 — 


Ethylene 

Zr(benzyl) 4 — 


Propene 

Zr(benzyl) 3 Cl - 


Ethylene 

Cp 4 Zr/AIEt, 1 

:6 

Ethylene 

Cp 3 UCl/AlEt 3 


Ethylene 

U(allyl) 3 Cl 


Butadiene 

Supported catalysts for 



comparison 



TiCIVAlEtjCI/cabosil 


Propene 

CrCVSiOj 


Ethylene 

TiCIVcocataly st/support 


Ethylene 

Mg(OH)Cl 




“ Cp = 


Systems 


tBLE VI 
gler Catalyst 

Normalized Catalyst 

activity yield 

Temperature / kg polymer\ / kg polymen 

[°C] ^ mol M h barJ ^ mol M ) References 

30 40-200 — 125, 126 

30 2,000 — 125 

15 7-45 — 127, 128 

20 3,500 >15,000 34 

20 200 > 5,000 129 

— — 130 

20 180 131 

50 13 132 

132 


80 0.3 14, 133 

20 150 131 

20(80) 8-10-> (0.2) 134 

20 0.4 134 

20 8 29 

20(80) 0.14(0.8) 17, 134 

10- 3 129, 135, 136 

20 0.3 134 

60 2 129 

137 

2.5 138 


50 20-48 310 20 

80 2,000 > 35,000 13, 40 

80 10.000 >10.000 13,40 
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Fig. 15. Polymerization rate as function of time at constant ethylene concentrations; 
[Ti(IV)] = 3-10- 3 , [Al] = 610-» M. [C.H,] = 1.3 (1), 2.6 (2). 5.2 (3), and 10.4 (4)10' s M. 
From Reichert and Meyer (122). 


of the low activity and short life of systems that contain chloride (see 
Fig. 15). A halogen-free system has now been found that has a remarkably 
high activity and long life (see Section VII). 

After a short induction period, the activity of polymerization increases 
as a function of the monomer concentration. After reaching a maximum, 
a continuous decrease is observed, due to fast aging processes as alkyl 
exchange, hydrogen transfer, and reduction of the transition-metal spe¬ 
cies occur in parallel with catalytic polymerization. There exist today a 
number of different conceptions concerning the nature of the center of 
polymerization activity. However, the formation of a complex between 
the titanium and the aluminum components is now accepted by all work¬ 
ers. 


C. Complexation and Alkylation of the Transition Metal 

In all systems that contain at least one chlorine atom per titanium- 
aluminum system, there is fast complex formation which can be recog¬ 
nized by color intensification. 
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t) 5 -C 1 H. Cl Et Cl Et 

2 Ti' + Al^ V A1^ 

tj’-CjH/ Cl Et''' N C1 / ^Et 


2 


ij 5 -C 5 H 5 

V Ti 

jj 5 -C 5 H 5 / 



x Et 

'Et 


or 


») 5 -C,H s Cl 
2 S Ti^ 

») 5 -C s H 5 / Et 


Me 

Et .CH, Et 
Al' 'k\ 
Et y 'CH,' N Et 
Me 


r) 5 -C 5 H, x Cl^ Et 

2 y ti ^Al^ 

t) 5 -C 5 H 5 Et Et Et 


These spontaneously formed species cannot be isolated (/5<5); hence they 
have only been identified spectroscopically (34, 157, 158). Henrici-Olive 
and Olive (159) suggested that soluble titanium-aluminum complexes 
have an octahedral structure relative to the coordination sphere of the 
titanium atoms. However, subsequent research (160) showed that, at 
least for the primarily formed complexes, there is no octahedral structure 
present. It is most likely that there is a tetrahedral structure for the 
titanium, in accordance with the 1959 proposal of Breslow and Newburg 
(127). 

If there are at least two atoms of chlorine per titanium atom in the 
system, then, besides a 1:1 titanium-aluminum complex, a 1:2 complex 
also exists, as shown by NMR spectroscopy (160). Because, even at low 
temperatures, a coalescence of the alkyl groups on the aluminum cannot 
be found, a simple Ti—Cl —> A1 donor bond could be present. In agreement 
with this idea, no complex formation occurs with the halogen-free system 
(C 5 H 5 ) 2 TiMe 2 -AlMe 3 . After formation of the complex, alkylation of the 
titanium component is presumed to take place. 
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Cl-Ti 

I E 
iJ 5 -C 5 H 5 


i 5 -c,h 5 

I 

Cl-Ti; H A 


7) ! -C 5 H 5 

Et-Tf.'" 

I 

i 5 -c 5 h 5 


A complex having electron-deficient bonding can be postulated as the 
transition state. Long (157) showed that alkylation is necessary to form 
the polymerization-active center. Corresponding results were obtained 
by Beermann and Bestian (161) for heterogeneous systems obtained from 
TiCl 4 -AlR 3 or TiCl 4 -AlR B Cl 3 _„. 


D. Nature of the Active Center 

Breslow and Newburg (162) first pointed out that polymerization takes 
place mainly if the titanium exists as titanium(IV). A similar deduction 
was made by Clauss and Bestian (152) and confirmed by Sinn and Patat 
(163). Breslow and Newburg (127) found that inactive polymerization 
mixtures, from which Natta et al. (156) isolated inactive transition- 
metal(III) complexes (164, 165), could be reactivated to titanium(IV) 
compounds by oxidation with oxygen. According to Henrici-Olive and 
Olivd (159), the speed of polymerization decreases with increasing inten¬ 
sity of the ESR signals of the developing titanium(III) compound. 

The increase in length of the polymer chain occurs by insertion of the 
monomer in a metal-carbon bond of the active complex. Dyachkovski 
and co-workers (149) believe, based on kinetic measurements, that the 
insertion takes place on a titanium cation. An ion of the type 
(C 5 H 5 ) 2 Ti + —R, derived from complexing and dissociation, 

(T) 5 -C s H s ),TiRCI + KAIRC1,), (t)‘-C 5 H 5 ),TiRCI• AIRClj 
- [^-C^.TiRnAlRCla]- 

could be the active species of polymerization. In a series of solvents 
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having increasing polarity (heptane, toluene, CH 2 CL 2 ), titanium cations 
could be detected by electrodialysis, with increasing activity of polymer¬ 
ization. Nevertheless, these experiments proved only that, in an electric 
field, titanium cations can be observed by their migration, and not that 
these ions are the actual centers of polymerization. 

Bier (166) and Gumboldt and Schmidt (167) proposed a model that 
postulates that polymer chain growth takes place at the alkyl group that 
is fixed to the aluminum ion, as the original ligands of the aluminum alkyl 
were found in the polymer. However, if alkyl exchange occurs during 
polymerization, the final position of the alkyl group is not significant. 
Rapid exchange of alkyl groups between the titanium and aluminum at 
room temperature has been proved (132, 163). 

Sinn and Patat (163) drew attention to the electron-deficient character 
of those main-group alkyls that afford complexes with the titanium com¬ 
pound and disputed ionic character for the reaction (146). In agreement 
with Natta et al. (168), they supported the two-step mechanism: “acti¬ 
vation” followed by “insertion.” The place of insertion has long been 
the subject of dispute. Henrici-Olive and Olive (159) extended the ideas 
of Cossee (169) for the heterogeneous system to the soluble system. They 
assumed that main-group alkyls serve as electron-donating groups, thus 
explaining the different effects of A1R 3 , A1R 2 C1, and A1RC1 2 , respectively. 
Fink et al. (160) showed by 13 C-NMR spectroscopy with 13 C-enriched 
ethylene at low temperatures (where no alkyl exchange was observed 
that, in higher halogenated systems, insertion of the ethylene takes place 
into a titanium-carbon bond of a titanium-aluminum complex (see Fig. 
16). The spectra at 200K showed strong ,3 C signals belonging to the 
titanium a- and /3-fixed carbon atoms (Ti— 13 C„ 91 -3 ppm; Ti— ,3 Cfl 40-1 
ppm). Only weak signals of ,3 C-labeled alkyl groups at the aluminum 
were observed. 


E. Vanadium, Chromium, and Other Transition-Metal Systems 

Other well known homogeneous Ziegler catalysts include derivatives 
of vanadium and organoaluminum compounds (170-172). In contrast to 
the catalysts containing titanium, which produce polymes with a broad 
molecular-weight distribution, the compounds containing vanadium pro¬ 
duce from the polymerization of ethylene a material with a narrow mo¬ 
lecular-weight distribution (173). The vanadium systems are suited to the 
polymerization of higher a-olefins as well, and are useful for copolymer¬ 
ization, albeit with lower activity (31, 52, 174, 175). Hence, Natta et al. 
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CpTi 



' ,CH 2 l n 

Ti-n-c! 




Fig. 16. 13 C-Fr-NMR spectrum at 200K, and after 15 min at 210K, of the system (i; 5 - 
C 5 Hs) 2 Ti(Et)Cl-AlEtCl2 with ,3 C-enriched ethylene. Al :Ti :C 2 H < = 1:1:1; solvent toluene- 
d„; strong signals of C ,s -enriched atoms are only observed for titanium-carbon bonds and 
polyethylene. From Fink el til. ( 160 ). 


(176) produced, with VCl 4 /AlEt 2 CI at -78°C, syndiotactic polypropylene. 
These catalysts are initially very active because of the presence of vana- 
dium(III), but they lose a large part of their activity after a short time 
on production of vanadium(II) and must be reactivated by weak oxidizing 
agents (173, 177). 

Homogeneous systems based on Cr(acac) 3 /Et 2 AICl are only very active 
if (EtO) 3 P is present in the system, or if the Al:Cr ratio is greater than 
200 (178, 179). Notable also are those soluble catalysts that contain tris(7r- 
allyl)uranium chloride (180, 181). They polymerize butadiene to l,4-c7.v- 
polybutadiene with high stereoregulation. The melting point, measured 
at a heating rate of 16°C/min, is 1-5°C (182), which is higher than that 
(-2°C) of the same polymer produced by means of a nickel catalyst. 

The influence of solvent was especially shown by using nickel-contain¬ 
ing catalysts based on nickelphosphine complexes. These compounds 
dissolved in toluene without cocatalysts, oligomerize ethylene to linear 
a-olefins. Using a suspension in H-hexane, high-molecular-weight linear 
polyethylene is formed (183). 
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VI 

SIDE REACTIONS IN HOMOGENEOUS CATALYSTS 

A. Types of Side Reaction 

The polymerization of a-olefins, promoted by homogeneous Ziegler- 
Natta catalysts based on bis(cyclopentadienyl)titanium(IV) or analogous 
zirconium compounds and aluminum alkyls, occurs simultaneously with 
a series of other reactions that greatly complicate the kinetic interpreta¬ 
tion of the polymerization process (see Scheme 3). 

Concomitant with continued olefin insertion into the metal-carbon 
bond of the titanium-aluminum complex, alkyl exchange and hydrogen- 
transfer reactions are observed. Whereas the normal reduction mecha¬ 
nism for transition-metal-organic complexes is initiated by release of 
olefins with formation of hydride followed by hydride transfer (184, 185) 
to an alkyl group, in the case of some titanium and zirconium compounds 
a reverse reaction takes place. By the release of ethane, a dimetalloalkane 
is formed. In a second step, ethylene from the dimetalloalkane is evolved, 
and two reduced metal atoms remain (119). 

TiCH,CH 2 Ti(lV) — + 2Ti(III) 

Some of the aging process which occurs with homogeneous and hetero- 


Insertion 


mt—CH a —CHj-R 


Alkyl exchange 




R' 


H exchange 


/CHj-CIt, 
mt H J, mt' 

1 CH,—CH a i 


Reduction 


CHj— CH, 

/ \ 


CH 3 — CHj 
CH 2 = CHj 


mt = Metal valence 


Scheme 3. Reactions with homogeneous catalysts. 
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geneous Ziegler catalyst systems can be explained with the aid of these 
side reactions. 

Most titanium(IV) alkyls tend to be reduced by aluminum alkyls in a 
complicated sequence of reactions accompanied by evolution of alkane 
and alkene. The catalytic activity of the bis(cyclopentadienyl)titanium- 
aluminum complexes is associated with the titanium alkyl. Hence, it is 
very interesting to investigate the mechanism of any reductive reaction. 
In order to study side reactions in the absence of polymerization, highly 
alkylated systems completely free of halogen are preferred. Moreover, 
reduction takes place much faster, the higher the alkyl-group content of 
the added aluminum alkyl. 

Breslow and Newburg (162) suggested for [TiCI 2 (Tj s -C 5 H 5 ) 2 ] complete 
alkylation of titanium to give bis(cyclopentadienyl)dialkyltitanium as the 
first step of the reduction, and that the dialkyl simultaneously decays 
into a titanium(III) component, with alkane and alkene separation. In 
contrast, Sinn and Patat (163) established that production of ethylene 
was slow compared with that of ethane. The first step of the reduction 
is the transfer of a /3-hydrogen atom from one alkyl group to the other 
with formation of metal—CH 2 —CH 2 —metal structures. Such a /3-hydro¬ 
gen atom-transfer was first proposed by de Vries (186) for the reduction 
of Ti(IV) compounds by ethylaluminum dichloride. 


(i) TiCljCH 3 t A1 (CHjCH 3 )C1, 1^.. *- TiCl 3 (CH 2 CH 3 ) + A1CH 3 C1 2 


TiCl 3 -rCH 3 


-► 2TIC1 3 


C.H., 


(ii) TIC1., + Al(CH a CH 3 )Cl 3 ^ - TiCl 3 (CH 3 CH 3 ) > A1C1 3 

!4TiClj-rCHj—CHj 

, ^ H -►TiClj t ^CjH 8 + HC 2 H, 

HTiClj-i-CHj—CH a 

The C 2 H 4 was not found, probably because it had polymerized. 

Dimetalloalkanes are formed in those systems in which separation of 
alkanes occurs without polymerization of olefins. 


B. The Zirconium System 

Numerous intermediate steps have been elucidated for the soluble 
zirconium system (187). Because of the much greater resistance of zir- 
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conium to reduction, the study of alkyl exchange and 0-hydrogen transfer 
is more definitive than in the titanium system (see Scheme 4). The re¬ 
action pathways of Scheme 4 were proved by using gas-uptake tech¬ 
niques, NMR spectroscopy, mass-balance, and the isolation of interme¬ 
diate products (188, 189). The first step involves very fast complexation 
with AlEt 3 accompanied, by alkylation of zirconium. The ethylation step 
is followed by further complexing by condensation, with subsequent 0- 
hydrogen transfer leading to compounds 4,5, and 6. The reactions affording 
6 are very slow and can only be observed at temperatures above 40°C. 
Time-concentration curves could be simulated on the basis of reaction 
rates by analog computer within a very narrow range. However, this is 
not a mechanistic proof having the stringency of the kinetic studies. 


Cl—Zr—Cl + tfAl.Et,- 


r Cl—Zr 
H 5 -C 5 H 5 


^CK x Et -'^ Al^CU 


r Cl-Zr-Et 
l 5 -C s H s 


1 s -C s H 5 

'^Zr —CHj —CH 3 

‘ I 

rj-C.H-, 



MAl,Et 6 |-M/2C 2 H 5 
red oil 


Scheme 4. Side reactions in the zirconium system. 
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There is as yet no satisfactory explanation for alkane evolution other 
than /3-hydrogen transfer. Studies with partially labeled compounds, as 
well as on the kinetics of the isotope ratio, prove this transfer. The 
species CH 2 DCD 3 is generated by using A1(CH 2 CD 3 ) 3 , and CH 3 -CD 2 H 
by using A1(CD 2 CH 3 ) 3 (187). The kinetic isotopic effects of the reactions 
are between 2 and 7, in agreement with the values found in the titanium 
system (151, 190). The intermediate steps with Zr-CH 2 -CH A1 2 structures 
have been confirmed not only through characteristic shifts in the PMR 
spectra (191), but also by the abnormal bond angles and lengths obtained 
from X-ray studies (see Fig. 17). The carbon-carbon angle of the <r- 
bonded CH 2 —CH 2 bridge between the zirconium atoms (compound 4 in 
Scheme 4) is only 76° (192). Compound 6 shows a similarly narrow 
carbon-carbon angle of 75° for the Zr-CH 2 -CH-AI structure also, but the 
carbon-aluminum angle is greatly expanded (193). The unusual angle for 
this compound can be explained in terms of a stretched five-membered 
heteroring type. The /3-C atom distance to zirconium is only slightly 
longer than that of the a-C atom; this is possibly a reason for the easy 



( 8 ) 

Fig. 17. Comparison of corresponding structural elements of compounds 3, 6, and 8. 
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release of hydrogen bonded at a /3-C atom. In compound 6, the bridge¬ 
building chlorine ligand with its donor function is replaced by a cyclo- 
pentadienyl ligand to form compound 8. In addition to the similarly 
narrow angle at the zirconium, compound 8 shows a remarkable arrange¬ 
ment for the third cyclopentadienyl ring, completely deviating from the 
cr- or 7r-bonding cyclopentadienyl rings in bis(rj 5 -cyclopentadienyl)bis- 
(V-cyclopentadienyDtitaniumUV) (194), and (r)‘-cyclopenta-2,4-dien- 
l-yl)tris(T) 5 -cyclopentadienyl)zirconium(IV) (195). It is removed from 
Zr(IV) + as an anion, and arranged symmetrically in the lattice between 
two neighboring zirconium centers. 

Besides compound 8, a further remarkable zirconium-aluminum com¬ 
pound (9) can be isolated, which is derived from tetra(cyclopentadienyl)- 
zirconium. The tris(cyclopentadienyl)zirconium(IV) is linked with the 
trialkylaluminum by a hydrogen atom (see Fig. 18). 

Compounds 4 and 6 react with a-olefins and 1,3-dienes on addition of 
excess trimethylaluminum, and especially on addition of triethylalu- 
minum and water. Dehalogenation takes place, presumably with forma¬ 
tion of aluminoxanes (129), to give very active halogen-free homogeneous 
catalysts for the polymerization of a-olefins, particularly ethylene (see 
Section VII). 

C. The Titanium System 

Based on these findings with the zirconium system, mechanisms of 
reaction in the analogous titanium system (Scheme 5) can be deduced. 



(9) 


Fig. 18. Structural unit of compound 9. 



136 


H. SINN and W. KAMINSKY 



^Al,Et,+ (r^-CjHjljTlCl + H,C=CH, + (i) s -C 5 H s ),TiCl + 


(7) 5 -C 5 H 5 ),Ti(ni) complex (t> 5 -C 1 H ! ) ! T1(III) complex 

Scheme 5. Reactions in the titanium systems. 


The rate of reaction of the titanium system is ~ 100 times that of the 
zirconium. The titanium components instantaneously form a complex 
with AlEt 3 , even at -I00°C. After complex formation, the dititanium- 
ethylene structure is formed by alkane splitting; this compound is very 
unstable and decomposes with ethylene generation and reduction of the 
central atom. At room temperature, the titanium(IV) compounds are 
reduced to the trivalent state within seconds. The rate decreases with 
increasing number of carbon atoms of the alkyl substituents (119). The 
prediction that the evolution of ethane starts earlier than that of ethylene 
is fulfilled (164). In a parallel reaction, an intermediate Ti—CH 2 —CH 2 —A1 
structure is also formed from the complex. Through alkyl exchange, a 
dititanium structure appears; this decomposes along the reaction path by 
renewed ethylene splitting into trivalent components, as already men¬ 
tioned. 

It is remarkable that a reduced Ziegler type of catalyst that is no longer 
reactive for ethylene polymerization causes the exchange between M C- 
labeled ethylene and the alkyl groups of the triethylaluminum until the 
equilibrium point is reached. The intermediate structures mentioned were 
only detected spectroscopically; because of their low stability, they were 
not isolated. 

The a-hydrogen transfer in the analogous titanium-methyl system is 
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-10,000 times slower than the /3-hydrogen transfer. Therefore, 
bis(cyclopentadienyl)dimethyltitanium can be isolated from the starting 
materials. Ti— CH 2 —A1 structures, which are relatively stable, are formed 
with methane evolution. The condensation, however, does not stop at 
this point. Thus Al— CH 2 —A1 structures form because of the alkyl ex¬ 
change (142, 119, 196). These structures again condense under the cata¬ 
lytic influence of (C 5 H|s) 2 Ti(IV) compounds to yield cyclic oligomer ag¬ 
gregations by separation of trimethylaluminum. Similar results were ob¬ 
tained by Wilke and Schneider (197) when aluminoadamantane was 
formed. 


(tj‘-C 5 H 5 WCI)Ti—CH,—AlMe, + AlMe s ^ Me 2 Al—CH,—AlMe 2 
+ (rj 5 -C 5 Hj) 2 TiMeCl 


4Al a Me„ 


( f ; 5 -C i H 5 ) 2 Tl(IV)- i 
- 4 CH, ' 


Me 

>.1—CH 2 —Al' 
Me 


,Me 

'Me 


-2Al 1 Me a 


Me 3 —Al—CH a —Al—Me a 
CH, CH, 

Me a '— aIi— CH,-Al-Me, 


These compounds are insoluble in hydrocarbons, but soluble in tetrahy- 
drofuran. 


VII 

INFLUENCE OF WATER ON HOMOGENEOUS CATALYSTS 

A. Increase of Activity 

Water was considered to be a catalyst poison for many Ziegler-type 
systems such as TiCl* and (C 2 H 5 ) 3 A1 (192). On the other hand, some 
patents have been granted for adding water in order to lower the molec¬ 
ular weights and to improve the molecular-mass distribution (199-201). 
Reichert and Meyer (202) observed a remarkable rise of activity on 
addition of water to an A1:H 2 0 ratio of 20 and 100, when polymerizing 
ethylene with the soluble-catalyst system (7} s -C 5 H 5 ^Ti(C 2 H 5 )Cl- 
(C 2 H 5 )A1C1 2 . By addition of water in the Al: H 2 0 ratio of 3:1, Long and 
Breslow (125) obtained considerable increases in activity for ethylene 
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polymerization with the catalyst (T} 5 -C 5 H 5 ) 2 TiCl 2 -AlMe 2 Cl. These work¬ 
ers proposed a stabilized catalyst complex resulting from increase of the 
Lewis acidity (see Fig. 19). 

In systems completely free of chloride, complex formation between 
the titanium or zirconium compound and the trialkylaluminum was not 
detected by either NMR or UV spectroscopy (191), or by cryoscopy 
(189). Such systems were thus assumed to be inactive for polymerization. 
However, NMR-spectroscopic studies in the presence of ethylene re¬ 
vealed a weak but lasting insertion of ethylene, with formation of poly¬ 
ethylene. 

Addition of traces of chloride in the form of bis(cyclopentadienyl)- 
titanium dichloride lowered the yield of polyethylene and initiated the 
known reduction reaction (129). Finally, it was found that polyethylene 
formation was caused by traces of water (~10 -6 mol%). Consequently, 
the yield increased to 500,000 g polyethylene per gram of titanium when 
two equivalents of trimethyl- or triethylaluminum previously treated with 
one equivalent of water was added to dimethylbis(cyclopentadienyl)ti- 
tanium (Table VII). 

Simple control of molecular weight by choice of temperature proved 
to be another advantage of this soluble, halogen-free system (203). Poly¬ 
mers can be produced having molecular masses up to about 4 million, 
with high melting points (136- 137°C), down to linear even-numbered a- 
olefins, starting with C !0 . Interestingly, compounds formed from 
bis(cyclopentadienyl)zirconium(IV) and exhibiting no polymerization ac¬ 
tivity, even in the case of completely dehalogenated secondary products 
(34), can also become very active polymerization catalysts by addition of 
trialkylaluminum previously treated with water. These systems addition¬ 
ally excel in that products having relative masses between a few million 
and a few hundred can be generated, with almost constant activity, by 
suitable choice of reaction temperature (see Table VIII). 

Mejzlik et al. (204) reported an increase of activity on adding water to 
other well-known catalytic systems based on bis(cyclopentadienyl)- 
titanium(IV) containing chloride [(T} s -C 5 H 5 ) 2 TiEtCl-AlEtCl 2 ]. 


’-C5H5, 

’-C5H5" 


^a.. /C h 3 
. ’AL 
N CI | X Cl 


I 

Cl 



Cl 


Fig. 19. Stabilized catalyst complex. From Mejzlik and co-workers (204). 



TABLE VII 

Ethylene Polymerization with the System Bis(ij 5 -cyclopentadienyl)dimethyltitanium(IV), Trimethylaluminum, and 
Water in Toluene 


Yield of 
polyethylene 
(g/liter) 

Catalyst 

yield 

(kg PE/mol Ti) 

Activity 
kgPE \ 
s mol Ti-h-bar/ 

Time 

(h) 

Temperature 

(°C) 

Pressure 

(bar) 

Relative molecular 
weight 

(viscometric) 

[Ti] 

m 

[Al] 

m 

[H t O] 

m 

12.9 

>6.5 

1.1 

2 

-10 

3 

_ 

2.0-io- 3 

1.5-10-* 

_ 

11.7 

>5.9 

1.0 

2 

-10 

3 

— 

2.0-10- 3 

1.5-10-* 


7.8 

>3.9 

0.7 

2 

-10 

3 

— 

2.0-IO” 3 

1.5-10"* 

b 

33.6 

>47.3 

0.06 

112 

21 

7 

3,800,000 

7.110- 4 

1.5-10-* 

<2.5-10~ 4 

36.0 

>510 

48.0 

1.5 

21 

7 

235,000 

7.l-lO- 5 

1.5-10-* 

7.4-IO' 3 

57.9 

>160 

15.3 

1.5 

50 

7 

90,000 

3.6-IO' 4 

1.5-10-* 

7.4-IO" 3 

62.7 

>170 

16.0 

1.5 

70 

7 

30,000 

3.6-10~ 4 

1.5-10-* 

7.4-10- 3 

48.6 

>46,000 

3,000 

2 

12 

8 

- 

1.5-10-® 

1.210-* 

7.4-10“ 3 


“ Addition at 2.0-10 -5 M chloride. 
* Addition at 4.0-10“ 5 M chloride. 




140 


H. SINN and W. KAMINSKY 


TABLE VIII 

Control of Molecular Weight by Regulation of Temperature in the 
Polymerization of Ethylene with Tri(cyclopentadienyl)zirconium- 
Aluminum Compounds 


Yield of 
polyethylene 
(g/liter) 

Time 

(h) 

Temperature 

(°C) 

Zirconium 

concentration 

(M) 

Relative molecular 
weight 
(viscometric) 

81 

64 

50 

2.2-10-s 

1,500,000 

45 

48 

60 

2.2-10- 3 

363,000 

45 

64 

70 

2.2-10- 3 

225,000 

90 

88 

80 

2.210- 3 

40,000 

80 

64 

90 

2.210- 3 

Oils and waxes" 


“ Predominantly a-olefins of empirical formula C M H M (n = 2, 3, 4, ...). 


B. Titanium-Aluminoxane Catalysts 

Preliminary experiments showed a maximum activity at an A1:H 2 0 
ratio of between 2:1 and 5:1. Water and trialkylaluminum react with 
each other, because the activity disappears if the A1:H 2 0 ratio drops 
below 1:3, i.e., all alkyl groups are hydrolyzed (34). 

Detailed investigations on the influence of water, and on the reactions 
between water and organoaluminum species showed that an oligomeric 
aluminoxane formed from water and trimethylaluminum contains the 
structure [—O—Al(Me)—]„ (190). The first links of the oligomeric alu- 
minoxanes condense, with the elimination of trialkylaluminum and the 
build-up of oligomers probably having cyclic structures. These are soluble 
in hydrocarbons and contain 5-12 aluminum atoms. Essentially uniform 
glassy or crystalline aluminoxanes can be isolated by fractional precipi¬ 
tation, and characterized by mass spectroscopy and cryoscopy (see Fig. 
20). This condensation is comparable to the self-condensation of 
bis(dialkyl)aluminumalkanes (see Section VI). 

Aluminoxanes have long been known to act as catalysts for propene 
oxide and acetaldehyde polymerization (205-207). Polyakov et al. (208) 
reported an increase of activity after addition of alkylaluminoxanes to a 
known heterogeneous Ziegler system based on TiCl 3 . If these oligomeric 
aluminoxanes are added, as the organoaluminum component to 
bis(cyclopentadienyl)dimethyltitanium, very active Ziegler catalysts are 
obtained. These catalysts are able to polymerize propylene, in contrast 
to the systems wherein only water is added to the aluminum compound. 
With this system, the productivity for ethylene was found to be 
~ 1,000,000 (line 8 in Table VII). Fortunately, similar systems based on well 
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mass spectroscopy. 


defined oligomeric aluminoxanes (see Table IX) are active for ethylene 
as well as propylene, thus forming, in the case of propylene a reaction 
that is homogeneous for at least several hours. Unfortunately, total homo¬ 
geneity during the whole reaction time could not be proved. Although 
the activity can differ by a factor of —50, differences in activity may be 
compensated for by variation of the concentration of the monomers (e.g., 
by using liquid propylene and low pressures of ethylene); this allows 
copolymerization to occur. During several hours, no aging processes 
were observed, and, in particular, no reduction comparable with those 
observed in halogen-containing systems was found (see Fig. 21). 

After an induction period, the polymerization rate reaches a maximum 
and then becomes almost constant for over 20 hours. The constant rate 
of polymerization of the homogeneous system indicates that living poly¬ 
mers are present in this case. Indeed, block copolymers of propylene 
and ethylene could be obtained with this homogeneous system when 
ethylene was dissolved in liquid propylene [see also, related experiments 
with the heterogeneous system (?/)]. 



TABLE IX 

Polymerization of Ethylene, Propylene, and Ethylene-Propylene with (ij 5 -CsH s ) 2 Ti(CH 3 ) 2 -ALLJMiNoxANE as Catalyst 


Polymer 

yield 

(g) 

Catalyst 

yield" 

(kg PE/PP/ 
mol Ti) 

Activity 
/ kgPE \ 
^mol Ti h barj 

Time 

(h) 

Temperature 

CC) 

(bar) 

Relative 

molecular 

weight 

(viscometric) 

[Ti] 

(mol) 

[Al] 

(mol) Remarks 

34.7 PE 

>1,650 

103 

2 

25 

8 E 

200,000 

2.I-10-* 

3.6-10- 3 300 ml toluene 

36.0 PE 

>1,710 

107 

2 

50 

8 E 

160,000 

2.I10" 5 

3.6-10“ 3 300 ml toluene 

40.2 PE 

>3,350 

209 

2 

20 

8 E 

980,000 

1.2-10-® 

2.1 -10“ 3 “Gas-phase 

polymerization" 

40.0 PP 

>1,667 

— 

168 

20 

8 P 

88,000 

2.410- 5 

1.9-10“ 3 50 ml toluene 

18.0 PP 

>1,500 


76 

10 

9.5 P 

94,000 

1.210- 5 

1.5-10“ 3 Polymerization in 
liquid propene 

80.0 PE/PP 

>6,667 

— 

48 

20 

7.5 P+ 1.5 E 

[•»»] = M9 

1.2-10“* 

1.8-10 -3 50 ml toluene 

35.5 PE/PP 

>1,480 


168 

11 

8 P + 3 E 

[„] = 0.94 

2.4-10" 5 

1.8-10“ 3 Polymerization in 
liquid monomer 
mixture 


° The yields are markedly increased using aluminoxanes with cryoscopic molecular weights of about 500-800, and an (T) 5 -CjH 5 )2Zr(CH 3 ) 2 
activity of up to 10 5 (kg PE/mol Zr h bar) is found with a productivity of up to 10’ kg PE/mol Zr. 
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[Ti(IV)] 0 = 2,4-10 -4 M, [aluminoxane] = 1.75-IO" 1 M, temperature = 294K; solvent = 
toluene. 


If the catalyst solution is mixed with polyethylene and the solvent 
removed, “gas-phase polymerization” takes place after addition of eth¬ 
ylene (see Table IX). 
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I 

INTRODUCTION 

Chemistry is stereochemistry. After development of the fundamental 
synthetic methods and the structural characterization of many important 
compounds in such an expanding field as organometallic chemistry during 
the past 25 years, the problems demanding solution become more subtle, 
so that more elaborate techniques, e.g., kinetic and spectroscopic meas¬ 
urements, as well as stereochemical methods, gain in importance. Ste¬ 
reochemical information can be obtained by a variety of techniques. 
Hence, the study of such stereochemical aspects as cis-trans isomerism 
in square-planar and octahedral transition-metal compounds was a con¬ 
sequence of the increasing availability of IR spectrometers, and temper¬ 
ature-dependent NMR spectroscopy proved to be an extremely valuable 
technique for the study of nonrigid systems. 

An important approach to stereochemical problems is to make use of 
the concept of chirality. Chirality (/), namely, the phenomenon that a 
chiral object and its mirror image cannot be superimposed, has been 
classified according to different elements of chirality. Chiral molecules 
may contain chiral centers, axes, and/or planes (2, 3). 

The chiral center most frequently encountered is the asymmetric car¬ 
bon atom, a tetrahedral C atom, bonded to four different substituents. 
Chiral centers of this type are known for many other elements ( 4 ). How¬ 
ever, chiral centers are also found in other polyhedra, e.g., the metal 
atoms in octahedral compounds containing three bidendate chelate lig¬ 
ands. Chirality axes, present in the atrop isomers of ortho-substituted 
biaryls, occur in coordination chemistry in appropriately substituted aryl, 
pyridyl, and carbene metal complexes. Well known examples of planar 
chirality in organometallic chemistry are ferrocenes, cymantrenes, and 
benchrotrenes containing two different substituents in 1,2- or 1,3-posi¬ 
tions relative to each other (5-8). 

Chiral molecules may be studied by a great many techniques. Without 
optical resolution, chiral structures can be detected by the magnetic 
nonequivalence of diastereotopic groups in NMR spectroscopy. Diaste- 
reoisomeric pairs of enantiomers, with and without separation, as well as 
resolved optically active compounds can be used for the investigation of 
stereochemical problems. Although stereochemical information can be 
obtained in many ways, the chiroptical properties of optically active 
compounds constitute an additional “handle” for assignment and corre¬ 
lation of configuration that is not available to optically inactive probes. 
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Occasionally, optically active ligands have been employed in organo- 
transition-metal chemistry to demonstrate the stereospecificity of reac¬ 
tions at metal-ligand bonds with respect to the a-carbon atom of the 
ligand. Thus, with the help of the chiral 1-phenylethyl group, it could be 
shown that the alkyl migration in the carbonylation and decarbonylation 
of(+)-(C 6 H 5 CH 2 )(CH 3 )HCCOMn(CO) 5 and(+)-(C 6 H 5 CH 2 )(CH 3 )-HCMn- 
(CO) 5 , respectively, is a stereospecific reaction (9, 10). Whereas, in this 
and similar reactions at metal-ligand bonds, stereochemical information 
has been available for the ligands for some time (8-11), the stereochem¬ 
istry at the metal center has remained an open question, owing to the 
nonavailability of chiral metal atoms. Although it has sometimes been 
pointed out in the literature that organometallic compounds that are chiral 
at the transition-metal atom should be resolvable (12), it was not until 
1969 that the first optical resolution was reported (13). This is the more 
surprising because in other fields the potential of labeling a chiral center 
by optical activity has been demonstrated. Thus, since the end of the last 
century, optically active organic compounds have been increasingly used 
to study the steric course of reactions; and, after the first resolution of 
an optically active octahedral Co(III) complex in 1911 (14), the optically 
active label at the coordination center also permitted an approach to 
stereochemical problems in classical Werner-type compounds (IS, 16). 

This article is confined to organo-transition-metal compounds having 
chiral metal atoms whose optical activity has been demonstrated. Only 
those compounds are discussed in detail for which there is a choice with 
respect to the metal configuration and for which a separation or at least 
an enrichment of isomers with opposite metal configuration has been 
achieved. After the treatment of such topics as optical resolution, optical 
purity, optical stability, optical induction, stereochemistry of reactions, 
relative and absolute configurations. Table I (Section XVII) collects the 
information available for the compounds under consideration. 

The demonstration of chirality by NMR spectroscopy is not dealt with 
extensively in this review. 


II 

OPTICAL RESOLUTION—ENANTIOMERS 

A. General Aspects 

The two mirror-image isomers (R) and (5) of a chiral molecule are 
called enantiomers. Racemic mixtures contain the enantiomers (R) and 
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(5) in an exact 1:1 ratio. Under achiral conditions enantiomers have 
identical physical and chemical properties (e.g., solubility), and they 
exhibit the same spectra. Enantiomers also have identical magnitudes of 
chiroptical properties, for example, the amount of optical rotation and 
intensity of circular dichroism at a given wavelength. They differ only in 
the vectorial parameter, i.e., the sign of the optical rotation and the sign 
of the circular dichroism; and, most important, they differ under chiral 
conditions. If the two enantiomers (R) and (5) of a racemic mixture are 
combined with an optically active substance (5), two diastereoisomers, 
(R,S) and (5,5), result. These diastereoisomers are no longer related as 
image and mirror image, and therefore they differ in all of their physical, 
chemical, and spectroscopic properties. 

The principle of introducing a diastereoisomer relationship into a pair 
of mirror-image isomers is the basis for each optical resolution. Mostly, 
the enantiomers of a racemic mixture are combined with an optically 
active resolving agent, to give a pair of diastereoisomers that are then 
separated. Hence, for the resolution of an organic acid, optically active 
amines are generally used, whereas organic amines are normally resolved 
with optically active acids. In coordination chemistry, chiral ions can be 
resolved by combination with an optically active counterion. But optical 
resolutions have also been carried out with other derivatives, e.g., esters 
for the resolution of racemic alcohols by use of an optically active acid. 
Increasingly, such methods as kinetic resolution and chromatography 
with optically active stationary phases are used for optical resolutions. 


B. The First Example 

The compound [CsHsMntCOXNOjPtCeHiOslPFe (1), which contains 
chiral cations in the form of a racemic mixture (see Scheme 1), can be 
prepared in two steps starting from C 5 H 5 Mn(CO) 3 . In the first step, 
C 5 H 5 Mn(CO) 3 is transformed into [C 5 H 5 Mn(CO) 2 (NO)]PF 6 (17, 18), and 
in the second step one of the CO ligands is replaced by P(C8H 5 ) 3 to give 
[CsHsMnlCOfNOPlC^yPFe (I) (19-22). Metal carbonyl complexes 
are susceptible to nucleophilic attack at the carbon atom by strong bases 
such as LiR (23). Cationic complexes such as that in Scheme 1 are 
attacked even by alkoxides OR - (24-26). In this reaction, the alkoxide 
ion adds to the carbon atom of the carbonyl group, and neutral derivatives 
having an ester group bonded directly to the metal atom result. By this 
reaction, an optically active resolving agent such as the menthoxide ion 
OC,oH 19 - can be introduced into the racemic [C 5 H 5 Mn(CO)- 
(NO)P(C 6 H 5 ) 3 ]PF 6 . Thus, according to Scheme 1, the enantiomeric 
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lC 5 H 5 Mn(CO)(NO)P(C6H5)3] + cations of 1 are converted into the diaste- 
reomeric esters C 5 H 5 Mn(COOC 10 H 19 )(NO)P(C 6 H5)3 (2a, 2b) (13, 27). The 
two diastereoisomers can be easily separated on the basis of their differ¬ 
ent solubilities. Whereas the (+)-isomer 2a is soluble in saturated hydro¬ 
carbons, the (-)-isomer 2b is almost insoluble in these solvents . 1 

To complete the resolution, after diastereoisomer separation, the op¬ 
tically active resolving agent, the menthoxide ion OC 10 H, 9 - , must be 
removed from the diastereoisomers. Alkoxide abstraction from metal- 
bound ester groups can be easily carried out with acids (24). Dry gaseous 
HC1 in toluene solution immediately converts (+)- and (-)- 
C 5 H 5 Mn(COOC 10 H 19 )(NO)P(C 6 H 5 )3 (2a and 2b) into (+> and (-> 
tC 5 H 5 Mn(CO)(NO)P(CgH 5 ) 3 ] + Cr, respectively, which are insoluble in 
toluene (28). In this reaction by elimination of the menthoxide anion, the 
neutral esters 2a and 2b are transformed into the cationic carbonyl com¬ 
plexes shown in Scheme 2. Treatment of the chloride salts in aqueous 
solution with NH^PFg precipitates the PF 6 ~ salts (+1 and -1) from the 
racemic mixture from which the resolution procedure started (28). 


C. Other Representative Approaches 

The optical resolution shown in Schemes 1 and 2 was carried out by 
the Regensburg group in 1969-1970. Among other important examples, 
the following three, described in 1975, are noteworthy. By chance, these 

1 The signs (+) and (-) of the optical rotations given refer to the Na D line, or to a 
wavelength of 578 nm, if not indicated otherwise. 
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resolutions were reported by three groups working at Southern California 
(USC), Dijon, and Rennes, which, together with the Regensburg group, 
have provided most of the contributions to the new field of optically 
active organo-transition-metal compounds. 

The USC group started its successful optical resolution leading into 
the important class of optically active iron compounds of the type 
C 5 H 5 Fe(CO)[P(C 8 H 5 ) 3 ]X with complex 3 prepared by reaction of 
NalC 5 H 5 Fe(CO) 2 ] with the chloromethyl menthyl ether (-)- 
C1CH 2 OC, 0 H, B . A photochemical substitution of a carbonyl ligand by 
triphenylphosphine in 3 makes the Fe atom an asymmetric center (see 
Scheme 3). The diastereoisomers 4a and 4b can be obtained optically 
pure in 20% yield by a single recrystallization from hexane. The separated 
diastereoisomers 4a and 4b are converted into the enantiomers (+)- and 
(-)-C 5 H 5 Fe(CO) IP(C 6 H 5 ) 3 ]CH z C 1 (+5 and -5) by the action of anhy¬ 
drous HCI (29, 30). 

By S0 2 insertion into the Fe—C bonds of +5 and -5, known to be 
stereospecific with respect to the iron center (see Section XI,A), and 
interaction with an optically pure chiral shift reagent, it could be shown 
that the enantiomers (+)- and (-)-C 5 H 5 Fe(CO)lP(C 8 H 5 ) 3 ]CH 2 Cl are op¬ 
tically pure (29, 30). 

The separated diastereoisomers 4a and 4b, and also the optically active 
derivatives 5, with Br instead of Cl, have been used as methylene-transfer 
reagents for the preparation of cyclopropanes in the reaction with trans- 
/3-methylstyrene (30, 31). The optical yields obtained (9-38%) are much 
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lower than those in the synthesis of cyclopropane derivatives by reaction 
of Co-dioximato complexes with diazoalkanes (32, 33). 

The Rennes group used as the starting material for the first resolution 
of a chiral chromium atom having four different ligands the Cr(CO) 3 
complex of o-methylbenzoic acid methyl ester, which can be obtained 
optically pure (34. 35). The Cr(CO) 3 moiety was converted into a 
Cr(CO) 2 (CS) group by replacing a CO by a CS ligand. Introduction of 
the triphenyl phosphite ligand into +6 (see Scheme 4) transformed the 
Cr atom into a chiral center, and a pair of diastereomers (7a and 7b) 
having opposite metal configurations was formed. The diastereo- 
isomers, which differ in their ‘H-NMR spectra, could be separated by 
thin-layer chromatography (36, 37). 

The enantiomers +8 and -8 were generated by removal of the planar 
chirality due to the unsymmetrically substituted arene ring in the sepa¬ 
rated diastereoisomers (7a and 7b). By treatment with LiAlH 4 -AlCl 3 , the 
ester group was reduced to a methyl group, leaving the asymmetric 
Cr atom the only element of chirality in the complexes +8 and -8, 
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the optical purity of which was demonstrated (36, 37). A procedure 
similar to that outlined in Scheme 4 was used to convert 
(+Ml,3-CH 3 ,COOCH 3 )C 5 H 3 Mn(CO) 3 (JS) into (+)-(l,3-CH 3 , 
COOCH 3 )C 5 H 3 Mn(CO)[P(C 6 H 5 ) 3 ]P(OCH 3 ) 3 (39, 40). 

The approach of the Dijon group for a resolution in the titanocene 
series started with a compound containing two different five-membered 
ligands, a C 5 H 5 ring and a substituted cyclopentadienyl ring, accessible 
by reaction of C 5 H 5 TiCI 3 with Li[C 5 H 4 C(CH 3 ) 3 ], derived from dimethyl- 
fulvene and LiCH 3 (41-43). The titanium atom became an asymmetric 
center by reaction with C„F 5 MgBr, in which only one of the Cl ligands 
is replaced (see Scheme 5). The racemic mixture (+9/-9) was reacted 
with the sodium derivative of the alcohol (-)-(S)-phenyl-2-propanol hav¬ 
ing an optical purity of at least 99%. A pair of diastereoisomers (10a and 
10b) was formed; these were separated by preparative thin-layer chro¬ 
matography into the optically pure components, differing in the chemical 
shifts in their ‘H NMR spectra (41-43). 





Chiral Metal Atoms 


159 


Conversion of the separated diastereoisomers 10a and 10b into the 
enantiomers +9 and -9 was achieved by treatment with HC1 in benzene 
solution. In the examples given earlier, to accomplish conversion of dia¬ 
stereoisomers into enantiomers, only those bonds were broken that did 
not involve the chiral metal atom; this was to avoid loss of optical purity 
through possible change in configuration of the metal atom. In this work, 
Ti—O bond cleavage had to be used to convert the diastereoisomers (10) 
to the enantiomers (9). However, HCI cleavage of the Ti—OR bond in 
compounds of type 10 was shown to be stereospecific with respect to the 
chiral Ti atom, and to occur with retention of configuration {44-48). 
Optically active complexes with a chiral Ti atom could also be obtained 
by asymmetric decomposition (49, 50). 

Other optical resolutions leading to enantiomeric organo-transition- 
metal complexes have been discussed in previous reviews (51, 52) and 
are included in Table I (Section XVII). 
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III 

OPTICAL RESOLUTION—DIASTEREOISOMERS 

A. Pseudotetrahedral Geometry 

In the reaction of [C 5 H 5 Mn(CO) 2 NO]PF 6 with P(C6H 5 ) 3 a racemic mix¬ 
ture of the enantiomers [C 5 H 5 Mn(CO)(NO)P(C 6 H 5 ) 3 ]PF 6 (+1/-1) is 
formed, from which the resolution procedure of Scheme 1 commenced. 
The optically active aminophosphine (SM+)-(C e H 5 ) 2 PN(CH 3 )CH- 
(CH 3 )(C 6 H S ) (Ji, 54) can be used instead of triphenylphosphine, and the 
former was very similar to P(C 6 H 5 ) 3 (55) in behavior. Hence it is not 
surprising that in the reaction with [C 5 H 5 Mn(CO) 2 NO]PF 8 this ligand also 
replaces one CO group (see Scheme 6), giving a pair of diastereoisomers 
(11a and lib) which differ only in the configuration of the metal. The 
two diastereoisomers can be separated on the basis of solubility differ¬ 
ences (55). 

It is generally accepted that the tj-C 8 H s ligand occupies three coordi¬ 
nation positions at a metal atom. Therefore, all of the compounds 
C s H 5 ML‘L*L 3 (1-11) discussed so far, with L 1 , L 2 , and L 3 being either 
two-electron or one-electron ligands, have to be considered as derivatives 
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of the octahedron, with the five-membered ring occupying three coordi¬ 
nation positions cis to each other. However, in complexes of the type 
CsHsMI^UL 3 , the transition-metal atom M is surrounded by four differ¬ 
ent ligands, being an asymmetric center similar to the asymmetric carbon 
atom in the compounds of type Cabcd. As the C S H 5 ligand, irrespective 
of its bonding, can only be present or absent, the stereochemistry is that 
of the tetrahedron. Thus, for a compound of formula CsHsML'UL 3 , 
there are only two optical isomers, typical for a tetrahedron (having four 
different corners) and not the 30 isomers possible for an octahedron. 
Consequently, as far as stereochemical considerations are concerned, 
derivatives CgHgMUl^L 3 can be called pseudo-tetrahedral. 

The aminophosphine (S)-(+)-(C 8 H 5 ) 2 PN(CH 3 )CH(CH 3 )(C 6 H 5 ) in Scheme 
6 is a member of the series of optically active phosphines (5)- 
(C 6 H 5 ) 2 PN(R)CH(CH 3 )(CgH 5 ) (R = H, CH 3 , C 2 H S , CH 2 CsH 5 ) that are 
chiral in the 1-phenylethyl group of the amino side chain. These com¬ 
pounds can be prepared by HC1 elimination from (C 8 H 5 ) 2 PC1 and the 
corresponding optically active amine (S)-HN(R)CH(CH 3 )(C 8 H 5 ). The pri¬ 
mary amine (R = H) is commercially available, and the secondary amines 
(5)-HN(R)CH(CH 3 )(C 8 H 5 ) (R = CH 3 , C 2 H 5 , CH 2 C 8 H 5 ) are obtained from 
it by acylation or Schiff-base formation, followed by LiAlH 4 reduction 
(53, 54). Also, other optically active P ligands, derived from menthol or 
tartaric acid esters, can be applied to synthesis and separation of dia- 
stereoisomers of organo-transition-metal compounds (54). 

Optically active phosphines, chiral at the phosphorus atom, e.g., 
P(CH 3 )(C 3 H 7 )(C 8 H 5 ) have been known since 1961 (56). However, their 
preparation is a lengthy procedure (57), and they racemize by phosphorus 
inversion at the high temperatures that are frequently necessary for ther¬ 
mal reactions in organometallic chemistry. The aminophosphines de¬ 
scribed do not suffer from these disadvantages. They do not racemize, 
and they are readily accessible in large amounts. As phosphines are 
extremely versatile ligands in organo-transition-metal chemistry, opti¬ 
cally active phosphines should be universally applicable as optically ac¬ 
tive resolving agents; this was demonstrated by the resolution of a large 
body of aminophosphine-metal complexes (58-67). Furthermore, the 
aminophosphines exemplify how optically active, but inexpensive, or¬ 
ganic compounds (e.g., amines) can be modified, to serve as active chiral 
resolving agents for organometallic complexes having metal atoms in low 
oxidation states. 

Other examples, such as the conversion of (/?)-(+)-H 2 NCH(CH 3 )(C 8 H 5 ) 
into the corresponding isonitrile (R)-(+)-CNCH(CH 3 )(C 8 H 5 ) and its or¬ 
ganometallic derivatives (68-70) have been discussed in a review (51) 
and are included in Table I (Section XVII). 
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B. Octahedral Geometry 

Following the first resolution of an octahedral Co 3+ complex by Alfred 
Werner (14) in 1911, numerous examples of optically active octahedral 
transition-metal complexes, mostly of the tris-chelate type with bidendate 
ligands, have been prepared (75, 16). In organometallic chemistry, opti¬ 
cally active octahedral compounds of the type c7's-(OC) 3 ML 1 L i! L 3 have 
been obtained. As three carbonyl groups in cis position to each other at 
an octahedron are equivalent to a cyclopentadienyl ligand occupying 
three coordination positions, the compounds c'/s-(OC) 3 ML 1 L 2 L 3 corre¬ 
spond to the derivatives CsH-sMl^UL 3 just described. 

Scheme 7 shows how it is possible, starting with Cr(CO) 6 , to introduce 
three different groups, L\ L 2 , and L 3 trans to the as-(CO) 3 Cr moiety 
(71). The Schiff base NN\ derived from 2-pyridinecarbaldehyde and the 
primary amine (S)-(-)-H 2 NCH(CH 3 )(C 6 H 5 ) in a one-step condensation, 
displaces two CO groups in the hexacarbonyl, necessarily in cis positions. 
Due to the different ends of the unsymmetrical chelate ligand NN\ the 
compound (CO) 4 CrNN' (12) already contains two different metal-ligand 
bonds, ML 1 and ML 2 . In a further reaction step, the ligand L 3 = P(C 6 H 5 ) 3 
does not enter the tetracarbonyl (CO) 4 CrNN' (12) trans to N or N', but 
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exclusively cis to N and N' (77). The reason for this regiospecificity is 
the strong trans effect of the two carbonyl groups opposite each other. 
Thus, stereospecifically, the cis-trisubstituted complexes chiral at the 
metal atom are formed. As the Schiff base NN' derives from the optically 
active amine (5)-(—)-l-phenylethylamine, a pair of diastereoisomers (13a 
and 13b) having opposite metal configuration arises. 

For Cr, Mo, and W, these diastereoisomers could be separated by 
fractional crystallization into the (+)- and (-)-rotating components (77). 
Similarly, in the reaction of Mn(CO) s Br with the NN' Schiff base (see 
Scheme 7), the two diastereoisomers of t7s-(CO) 3 Mn(NN')Br, differing 
only in the manganese configuration, were formed and were resolved 
(72). 


C. Square-Pyramidal Geometry 

Compounds of the type CgHsML'UUL 4 , neutral or cationic depending 
on the nature of the ligands L‘-L 4 , usually have a “four-legged piano- 
stool” geometry. According to the arguments already given for the com¬ 
pounds QHsML'I^L 3 , the stereochemistry of the complexes 
CsHsMl^UUL 4 is that of a square pyramid if the C 5 H 5 ring is regarded 
as one ligand. 

The permutation of five different ligands L‘-L 5 around the positions of 
a square pyramid gives rise to a total of 30 different isomers, which may 
be subdivided into 15 pairs of enantiomers. However, it has been shown 
how the application of three constraints reduces this large number of 
isomers to only two, a pair of mirror-image isomers (73). 

1. Constraint (a): L 1 = CsH 5 . According to the structural evidence 
available, the C 5 H 5 ligand always occupies the top of the pyramid (74). 

2. Constraint (b): L* = L 4 = CO. Two ligands at the basal square 
become identical; for preparative reasons, carbonyl ligands are used. 

3. Constraint (c); L 2 and L 3 are combined into an unsymmetrical che¬ 
late ligand having two different ends L 2 -L 3 . 

Constraints (a) and (b) decrease the number of possible isomers for 
C 5 H 5 M(CO) 2 L 2 L 3 derivatives to only three, namely, two enantiomeric 
isomers having L 2 and L 3 cis to each other, and one achiral isomer 
having L 2 and L 3 trans to each other, shown in the first line of Scheme 
8. Because of constraint (c), the achiral trans isomer is excluded, and 
the two isomers shown in Scheme 8 (second line), are left as the only 
possible isomers. Thus, by introducing three constraints, the stereochem¬ 
istry of a square pyramid can provide a pair of mirror-image isomers (51, 
73). 
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Scheme 9 shows how this concept can be realized. The starting ma¬ 
terial, C 5 HsMo(CO) 3 C1, is a compound having approximately square-pyr¬ 
amidal geometry, with the C S H 5 ring on top of the pyramid. In its reaction 
with the Schiff base NN' of 2-pyridinecarbaldehyde and (S)-(-)-1-phen- 
ylethylamine, a CO ligand and the covalently bonded chloro ligand are 
displaced from the metal atom by the unsymmetrical chelate ligand. In 
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a subsequent metathetical reaction. Cl - can be exchanged by PF<f which 
gives more stable compounds. In the cation of 14 the metal atom is an 
asymmetric center. With the optically active Schiff base NN\ a pair of 
diastereoisomers is formed that can be separated by fractional 
cyrstallization into the (+)- and (-)-rotating components (14b and 14a) 
for both M = Mo and M = W (73. 75, 76). 

A variety of unsymmetrical optically active chelate ligands LL* have 
been used as optically active resolving agents in square-pyramidal com¬ 
plexes of the type C 5 H 5 M(CO) 2 LL* (M = Mo, W) giving partly cationic 
species (77-81) and partly neutral complexes (79, 82-91). The field of 
optically active square-pyramidal complexes has been reviewed (11, 92). 
All of the known examples are summarized in Table I. 


IV 

METHODS OF DIASTEREOISOMER SEPARATION 

After the preparation of diastereoisomers by introduction of an opti¬ 
cally active resolving agent, the next problem in an optical resolution is 
to separate the diastereoisomers. It should be recalled that the compo¬ 
nents of a pair of diastereoisomers necessarily have very similar prop¬ 
erties. They contain exactly the same ligands and differ only in their 
arrangement around the metal atom. Several separation techniques have 
been used, based either on the fact that diastereoisomers differ in solu¬ 
bility, or in retention time during chromatography. 

If the solubility difference of two diastereoisomers having opposite 
metal configuration is large, it is sometimes possible to dissolve the more 
soluble component, the less soluble component remaining undissolved 
(13, 93, 94). Also, fractional precipitation of a mixture of diastereoiso¬ 
mers, an operation that can be repeated often in a short time (68), has 
been successful in some cases. The method most frequently used in the 
past to separate diastereoisomers having different metal configurations 
is fractional crystallization. This method gives good results regardless 
of solubility differences (5/); however, each step is very time-consuming. 
Another disadvantage that fractional crystallization has in common 
with fractional precipitation is the decrease in the quantities of the frac¬ 
tions enriched in the respective diastereoisomers if the fractionation steps 
have to be repeated more than once. Chromatographic separation of 
diastereoisomers, increasingly used in recent years, does not suffer from 
this disadvantage. 

In the purification of organometallic compounds by chromatography 
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on silica or alumina, an enrichment of each of the two components of a 
diastereoisomeric pair in the head and tail of a band, respectively, can 
sometimes be observed. With thin-layer chromatography, much better 
separations can usually be achieved (37, 42). A big improvement for the 
separation of diastereoisomeric components of neutral complexes was 
the development of preparative liquid chromatography (54, 59). For this 
technique, a very homogeneous silica having small particle size is needed, 
and a pressure of —1-2 bar is necessary to force the solvent through the 
column. Up to a gram of substance can be used. Sometimes the two 
diastereoisomers separate into two different zones, but generally only an 
enrichment in the head and the tail of a broad band can be achieved. By 
zone cutting and repeated chromatography, or by passage through several 
columns, in many cases both isomers could be obtained optically pure 
( 66 ). 

As described later, diastereoisomers sometimes interconvert at room 
temperature, or even below. Then, by “milking” the equilibrium by slow 
crystallization, it is often possible to convert all of the material into a 
single isomer which is usually configurationally stable in the solid state 
(51, 63). 


V 

SCOPE OF THE CONCEPT OF CHIRAL METAL ATOMS IN 
OPTICALLY ACTIVE ORGANO-TRANSITION-METAL COMPOUNDS 

A variety of optically active ligands have been applied to resolve 
compounds of different geometries and coordination numbers. As is ap¬ 
parent from the examples given and those accumulated in Table 1 (Section 
XVII), all of the transition elements of the first triad between Ti and Ni, 
except V, have served as chiral centers, as well as such second- and 
third-row elements as Mo, W, and Ru. Many types of ligand usually 
encountered in organo-transition-metal chemistry have been used. More¬ 
over, efficient methods for the separation of diastereoisomers are avail¬ 
able. Thus, labeling a chiral metal center in an organo-transition-metal 
compound by optical activity as a probe for stereochemical studies is no 
longer a problem, provided that the metal configuration has the minimum 
of optical stability required for the resolution procedure. 

VI 

OPTICAL PURITY 

As the metal atoms in organo-transition-metal compounds often have 
18-electron configurations, the compounds are diamagnetic and give sim- 
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pie ‘H-NMR spectra containing such diagnostic signals as MC 5 H 5 , MCH 3 , 
MCOCH 3 , sometimes as sharp singlets, sometimes with characteristic 
couplings to hydrogen or phosphorus (77, 57, 95). This is apparent from 
the 60-MHz ‘H-NMR spectrum (see Scheme 10) of the mixture of the 
two diastereoisomers having opposite configuration at the Mo atom (15a 
and 15b) enriched in the (+)-isomer (acetone-d 6 ). The diastereoisomers 
differ a little in the chemical shifts of the C 5 H 5 signals, and appreciably 
in the chemical shifts of the CH—CH 3 doublets, the N—CH 3 signals 
being isochronous. By integration of the C—CH 3 signals, the diastereo- 
isomer ratio 15a: 15b can be determined (54, 59). 

Similarly, the optical purity of most of the diastereoisomers described 
is obvious from their TI-NMR spectra. In many cases, the separation of 
the C 5 H 5 signals is much larger than in the ‘H-NMR spectrum shown in 
Scheme 10. For example, for the C 5 H 5 M(CO) 2 -thioamidato complexes, 
chemical-shift differences of 0.5-1.0 ppm are found (79, 84-92). As a 
rule, in compounds containing the 1 -phenylethyl group or other substit- 
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uents having aryl groups, the diastereoisomers show big differences in 
the chemical shifts of their signals. Only in complexes where aromatic 
rings are absent, are ‘H-NMR differences between diastereoisomers nor¬ 
mally small or nonexistent (27, 94). In some of these examples, chemical- 
shift differences could be induced by the addition of NMR shift-reagents 
(29, 30, 96). The large chemical-shift differences, therefore, must be 
attributed to the "beam effect” of aromatic rings (59). Thus, in the ‘H- 
NMR spectrum of most diastereomeric pairs differing in the metal con¬ 
figuration, there are well separated signals, the integration of which 
immediately gives the diastereoisomeric purity. Consequently, the dia- 
stereoselectivity of an asymmetric synthesis, or the efficiency of different 
techniques for diastereoisomer separation, can be tested by integrat¬ 
ing a ‘H-NMR spectrum. A component of a pair of diastereoisomers is 
optically pure if only one set of signals in the ‘H-NMR spectrum is left. 
Also, epimerization at the metal atom on storage, on exposure to light, 
or in reactions can easily be monitored by ‘H-NMR spectroscopy (11, 
92). 

The optical purity of enantiomers has been determined by NMR spec¬ 
troscopy with the help of optically active shift-reagents (29, 30). In other 
cases, optical purity has been assigned to enantiomeric organo-transition- 
metal complexes when the conversion to enantiomers started from pure 
diastereoisomers and when it could be shown that, during reaction, no 
change in configuration at the metal atom occurred (35, 36). Also, such 
arguments as constant optical rotation on continued diastereoisomer sep¬ 
aration or identical optical rotation with different signs for enantiomers 
have been used as an indication of optical purity (28). 


VII 

CONFIGURATIONAL STABILITY 

All of the optically active compounds prepared by diastereoisomer 
separation and/or conversion to enantiomers have proved to be config¬ 
urationally stable at the metal center as long as they are in the solid state. 
Concerning their behavior in solution, however, the optically active or- 
gano-transition-metal compounds are divided into two groups: (a) com¬ 
pounds configurationally stable at the metal center, which do not racem- 
ize or epimerize with respect to the metal atom prior to decomposition 
and (b) compounds configurationally labile at the metal center which 
racemize or epimerize with respect to the metal atom prior to decom¬ 
position. 
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Thus, with compounds of type (a), the stereochemistry of substitution, 
insertion, and cleavage reactions can be studied ( 8, 11), whereas with 
compounds of type (b), the mechanism of racemization and epimerization 
at the chiral metal atom can be investigated (II, 92). In the following 
sections, representative examples of both types of study will be given, 
from which it will become evident how optically active labels at metal 
centers in organo-transition-metal compounds contribute to the elucida¬ 
tion of the stereochemical course of reactions. 

VIII 

LIGAND TRANSFORMATIONS 

A. Retention of Configuration at the Metal Atom 

Optically active compounds obtained by diastereoisomer separation 
and/or conversion to enantiomers can be used as starting materials for 
the synthesis of other optically active derivatives, provided that they are 
optically stable under the reaction conditions. If in these reactions metal- 
ligand bonds are not involved, the change being restricted to within the 
ligands, the same relative configurations must be assigned to starting 
material and product (8, 11). The two most expanded series of this type 
are discussed in the following sections. 

In the reaction of (+)-[CsH s Mn(NO)(CO)P(C6H 5 ) 3 ]PF 8 (+1) with 
LiCgH 5 (see Scheme 11), two different types of product are obtained 
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because LiC 8 H 5 partly attacks the cyclopentadienyl ring and partly the 
carbonyl group (97-99). In the ring addition reaction, the neutral exo- 
cyclopentadiene complex +16 is formed; and in the carbonyl addition 
reaction, the neutral benzoyl complex +17 is formed. Similarly, (+)- and 
(-)-[C 5 H 5 Mn(NO)(CO)P(C 8 H 5 ) 3 ]PF 8 were reacted with Li methyl and 
para-substituted Li phenyls (100, 101). The cyclopentadiene complexes 
are all optically stable, whereas the aroyl compounds are configuration- 
ally labile in solution (100) (see Section IX). Other optically active deriv¬ 
atives of this class of compound having the same relative configuration 
have been prepared by transesterification of (+)- and (-)- 
C 5 H 5 Mn(NO)(COOR)P(CeH s ) s with R'OH to give (+)- and (-)- 
C 5 H 5 Mn(NO)(COOR')P(CeH 5 ) 3 (//, 27, 102), and, by addition of alkoxide 
ions OR- to (+)- and (-MC 5 H 5 Mn(NO)(CO)P(C 6 H 5 ) 3 ]PF 8 , to give (+)- 
and (-)-C 5 H 5 Mn(NO)(COOR)P(C 8 H 5 ) 3 (//, 27). 

The second class of configurationally related compounds starts with 
the enantiomers (+)- and (-FCsHsFefCOHPfCgHidiJCHjiCl (compounds 
+5 and -5 of Scheme 3), which are powerful alkylating agents. The Cl 
atom can be replaced by H, CH 3 , C 2 H 5 , /-C 3 H 7 , C 3 H S , CN, OCH 3 , Br, or 
I, leaving the iron configuration unchanged (29-31). The absolute Fe 
configuration of this series of compounds is known (103). 


B. Inversion of Configuration at the Metal Atom 

According to Scheme 12 (upper half 2 ), the manganese methyl ester 
(+)-C 5 H 5 Mn(NO)(COOR)P(C 8 H5)3(+2, R = C, 0 H I9 ) is, by reaction with 
LiCH 3 , converted into the acetyl derivative (+18), as discussed in the 
preceding section. The assignment of the same relative configuration to 
both complexes +2 and +18 is supported by their chiroptical properties, 
e.g., the CD spectra shown in Scheme 12 (4, 100). 

The iron menthyl esters (+)- and (-)-CsH 5 Fe(CO)(COOC,oH l 9 )P(C 8 H 5)3 
(93, 94) are completely analogous to the corresponding, manganese com¬ 
pounds (+)- and (-)-C 5 H 5 Mn(NO)(COOCioH 19 )P(C 8 H 5 ) 3 ; only the 
Mn(NO) moiety is replaced by the isoelectronic Fe(CO) group (104). 
However, if the (+)-iron menthyl ester (+19, R = C i0 Hi 9 ) is transformed 
by treatment with LiCH 3 into the acetyl derivative -20 (105), in contrast 
to the manganese compounds, the chiroptical properties of starting ma¬ 
terial +19 and reaction product -20 are opposite to each other (see 
Scheme 12, lower half). This indicates that in the LiCH 3 reaction of +19, 
the configuration at iron is inverted (105). Obviously, LiCH 3 does not 


2 Absolute configuration of Mn in +2 and +18 is unknown. 
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(-20) 

Scheme 12 


attack the ester group, but the carbon atom of the carbonyl ligand; this 
results in an inversion of the Fe configuration because the former car¬ 
bonyl group, via CH 3 addition, is transformed into the new functional 
group, while the former functional group is, by loss of menthoxide, 
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converted into the new carbonyl group (105). The inversion of configu¬ 
ration at the Fe atom is due to the fact that two ligands change their 
roles, although the bonds from the iron atom to the ligands do not 
participate in the reaction. The inversion mechanism shown in Scheme 
12 is corroborated by the determination of the absolute configuration of 
+ 19 (106, 107), and the correlation of -20 to products of known absolute 
configuration (103) by reactions not taking place at metal-ligand bonds 
(108). 

Also, the stereochemistry of the transesterification of (+)- and (-)- 
CsHsFelCOXCOOCioHuJPlCsHsla is in accord with the carbonyl group in 
compounds of the type CsHsFelCOXCOORIPICgHs)., being more reactive 
than the ester group toward nucleophilic attack (94, 105). Thus, the 
assignment of the same relative configuration to compounds that can be 
transformed into each other by ligand modification is only correct so 
long as inversions similar to the example +19 -» -20 can be excluded 
(ID. 


IX 

STEREOCHEMICAL ASPECTS OF THE RACEMIZATION AND 
LIGAND EXCHANGE OF (+)> AND (-)-C 5 H s Mn(NO)(COR)PAr 3 

A. Kinetics of Racemization and Proposed Mechanism 

The compounds (+)- and (-)-C 5 H s Mn(NO)(COC 9 H 5 )P(C 8 H s ) 3 (+17 
and -17) represent prototypes of configurationally labile complexes. 
Solutions of +17 and -17 at room temperature lose their high optical 
rotations exponentially due to a change in configuration of the Mn atom. 
By polarimetric kinetics, a half-life (25°C, toluene) of 21 minutes was 
measured (100, 109). 

The racemization of the benzoyl complexes +17 and -17 proved to be 
dependent on the P(CbHs) 3 concentration. Increasing the amounts of 
added P(CgH,s) 3 lengthened the half-lives appreciably (100, 109). To ac¬ 
count for this unexpected increase in configurational stability on addition 
of triphenylphosphine, a dissociation mechanism including chiral inter¬ 
mediates was proposed (see Scheme 13; R = CgH 5 ). 

In the rate-determining step, P(CeH 5 ) 3 dissociates while the remaining 
ligands retain their geometry in space, forming a chiral intermediate. The 
tripod may either invert, a process responsible for the observed racemi¬ 
zation, or it may take up triphenylphosphine at the vacant site to give 
the original compound. As the back-reaction is favored with increasing 
P(CgH 5 ) 3 concentration, the decrease in the rate of racemization can be 




Scheme 13 
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rationalized. The observed dependence on the P(C 6 H 5 ) 3 concentration of 
the racemization rate is not only qualitatively, but also quantitatively, 
consistent with the mechanism proposed in Scheme 13 (100, 109). 


B. Retention of Configuration in Ligand Exchange Reactions 

Besides the kinetic arguments, there is stereochemical evidence for 
chiral intermediates formed on dissociation of P(C 6 H 5 ) 3 from (+)- and 
(-)-C s H 5 Mn(NO)(COC 6 H5)P(C 6 H 5 ) 3 (+I7 and -17). If the racemization 
of the benzoyl complex +17 is carried out in the presence of an excess 
of tri-p-anisylphosphine, the chiral intermediate reacts with P(4- 
C g H 4 OCH 3 ) 3 to give the corresponding substitution product +21, which 
is still optically active and which has the same chiroptical properties as 
the parent P(C 6 H 5 ) 3 compound (+17) (109). The P(4-C 6 H 4 OCH 3 ) 3 deriv¬ 
ative +21 also racemizes in toluene solution, although with a half-life 
(25°C) of 137 minutes, much more slowly than the P(C 6 H 5 ) 3 compound 
+ 17; both compounds afford the same chiral intermediate (101). This 
chiral intermediate can be trapped with CO, giving the optically active 
compound -22, which turns out to be configurationally stable (110). 
Thus, Scheme 13 shows that the carbonyl complex -22 can be obtained 
from the P(C 6 H 5 ) 3 derivative +17 in two ways, in a one-step and in a 
two-step substitution via the P(4-C 6 H 4 OCH 3 ) 3 derivative +21. The 
smaller optical rotations of the carbonyl (-22) obtained in the two-step 
reaction indicates that the stereoselectivity via +21 is lower than in the 
one-step reaction, probably because of partial racemization by inversion 
of the chiral intermediate before it reacts with the p-anisylphosphine in 
the first step. However, the Walden cycle +17 —► -22 * —1-21 * —1-17 
(see Scheme 13, lower part) proves that all these reactions proceed with 
predominant retention of configuration of the Mn atom (even though they 
are dissociation reactions) because chiral intermediates are formed (110). 

Like CO, the ligand P(C„H S ) 3 in +17 can also be replaced by L = 
CNC e H n , P(OC 2 H 8 ) 3 , or P(n-Bu) 3 , giving optically active substitution 
products C 5 H 5 Mn(NO)(COC s H 5 )L, which are configurationally stable in 
solution. With P(2-C 8 H 4 CH 3 ) 3 , no substitution product could be obtained 
(HO). 


C. Steric and Electronic Effects 


The electronic effect on the rate of racemization of (+)- and (-)- 
C 5 H 5 Mn(NO)(CO-4-C 6 H 4 X)P(4-C 6 H 4 X) 3 (23 and 24) has been studied by 
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using eight different substituents, from X = CF 3 to X = N(CH 3 ) 2 , in the 
para positions of the phenyl ring of the benzoyl group in 23 and the 
triphenylphosphine ligand in 24, respectively, thus keeping the steric 
situation at the dissociating Mn—P bond constant {100, 101) (see Scheme 
14). 

As this topic has already been reviewed, the arguments will not be 
repeated here (//, ///). It turns out that the half-life of racemization is 
an extremely sensitive probe for the electron density at the Mn—P bond, 
being much better than such spectroscopic parameters as shifts of IR 
stretching vibrations or NMR signals. The result is that the cleavage of 
the Mn—P bond is fast if electron-donating substituents are attached to 
the benzoyl group on the metal side and/or electron-attracting substi¬ 
tuents are bound to the phenyl rings on the phosphorus side and vice 
versa (100,101). 

It has been mentioned that in ligand exchange reactions starting with 
(+)- and (-)-C 5 H 5 Mn(NO)(COC 8 H 5 )P(C 8 H 5 ) 3 , the optically active substi¬ 
tution products C 5 H 5 Mn(NO)(COC 8 H 5 )L [L = CO, CNC 8 H n , P(OC 2 H 5 ) 3 , 
P(4-C 8 H 4 OCH 3 ) 3 , P(/j-C 4 H 9 ) 3 ] can be obtained. With the electronic effect 
dominating, the electron-attracting ligands CO, CNC 8 H n , and P(OC 2 H 5 ) 3 
would be expected to give configurationally stable complexes, whereas 
the configuration of the compound having the electron-donating P(«- 
C 4 H 9 ) 3 ligand should be extremely labile. However, all of the products 
are configurationally stable, indicating that the electronic effect cannot 
account for the configurational stability observed (100). 

With the steric effect, e.g., on the basis of Tolman’s cone angles (112- 
115), this can be rationalized (Scheme 15). The species CO, CNC 8 H n , 
P(OC 2 H 5 ) 3 , and P(«-C 4 H 9 ) 3 are smaller ligands than triaryl phosphines, 
and obviously small ligands do not dissociate. Dissociation occurs only 
when a steric borderline situation is attained, as with triarylphosphines. 
In accordance with this explanation, ortho-substituted triarylphosphines 
L do not give stable compounds of the type C 5 H 5 Mn(NO)(COC 6 H 5 )L at 
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all. Thus, for racemization, the steric effect seems to be most important 
(110). Only in the borderline situation of steric labilization with L = 
triarylphosphines the electronic effect, as demonstrated, can somehow 
increase or decrease the rate (100, 101). 

The aminophosphine (5)-(+)-(C e H5) 2 PN(CH 3 )CH(CH !> )(C 6 H 5 ) has a 
size similar to that of P(C 6 H 5 ) 3 . Therefore, it is not surprising that the 
optically active complexes CsHsMnfNOXCOCgpyL of both ligands ra- 
cemize at almost the same rates, the half-lives for toluene solution at 
25°C being 21 minutes for L = PlCgH^s, and 19 minutes for L = (S)-(+)- 
(C 6 H 5 ) 2 PN(CH 3 )CH(CH 3 )(C e H 8 ) (55). 


D. The Chiral Intermediate CiH.MnfNOXCOCeHt) 

In stereochemical experiments, it cannot be decided whether the planar 
form, attained via pyramidal inversion of the chiral intermediates 
(Scheme 13, first line), is a transition state or an intermediate. By cal¬ 
culation (116, 117), however, it can be shown that 16-electron systems of 
the type C 8 H 8 Mn(CO) 2 , in contrast to the planar structures of such 18- 
electron systems as C 8 H 8 Co(CO) 2 , are pyramidal, like ammonia, with a 
barrier to inversion. This barrier should be higher for an acyl substituent 
than for an ester substituent, in agreement with the experimental results 
(117). 

The manganese esters (+)- and (-)-C 8 H 8 Mn(NO)(COOR)P(C 8 H 8 ) 3 ra- 
cemize in solution by change of configuration of the Mn atom in much 
the same way as the acyl complexes 17 and 18. However, there is no 
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evidence for the existence of chiral intermediates of the type 
C 5 H 5 Mn(NO)(COOR), detectable by the kinetic or stereochemical tech¬ 
niques used for the demonstration of the chirality of the intermediates 
C 5 H 5 Mn(NO)(COR) (//). 

Such species as C 5 H 5 Mn(CO) 2 with a probable pyramidal structure 
have also been identified by matrix isolation (118, 119). Thus, matrix 
isolation, on the one hand, and kinetic and mainly stereochemical inves¬ 
tigations on the other, are complementary methods for the study of 
intermediates having lowered coordination number. 

Several complexes with acetyl ligands bonded in a dihapto fashion 
have now been reported (120-122). It cannot be decided whether the 
chiral intermediates C 5 H 5 Mn(NO)(COCeH 5 ) contain monohapto or di¬ 
hapto acyl ligands, because they cannot be observed spectroscopically. 
However, dihapto bonding would not change the stereochemical outcome 
of all the results described. 

The kinetic and stereochemical results derived from racemization 
and substitution reactions of the compounds (+> and (-> 
C 5 H 5 Mn(NO)(CORJP(CeH 5 )3 can also be explained by assuming an inter¬ 
mediate C 5 H 5 Mn(NO)(CO)R, obtained by migration of groups R from the 
acyl substituent to the metal atom, either in a concerted or a stepwise 
rearrangement. However, the compounds CsH 5 Mn(NO)(COX^H 3 and 
CsHgMnONOXCOlCsHs were prepared, and it could be demonstrated that 
their reaction with P(C6H S ) 3 is so slow that they can be excluded 
as intermediates in the racemization and ligand exchange reactions of 
(+)- and (—XCgHsMnfNOXCORJPfCaHsX (123). On the other hand, 
in the racemization and epimerization with respect to the Fe atom in 
(+> and (->C 5 H 5 Fe(CO)(COR')PR 3 , the rearrangement products 
C 5 H 5 Fe(CO)(PR 3 )R' are formed in quantities that increase with temper¬ 
ature (66). Thus, in the iron series, R' obviously migrates to the metal 
atom (representing a further reaction mode for the chiral intermediate in 
addition to those outlined in Scheme 13), the stereochemical conse¬ 
quences of which are currently under investigation. 


X 

METAL-CENTERED REARRANGEMENT IN OPTICALLY ACTIVE 
SQUARE-PYRAMIDAL COMPOUNDS 


A. Proposed Mechanism 

At room temperature, compounds 14a and 14b dissolved in acetone or 
DMF are optically stable. At higher temperatures, however, a clean first- 
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order decrease of optical rotation is observed (73, 75, 76). During epi- 
merization, the configuration of the Mo atom changes, and an equilibrium 
14a ?=* 14b is established (76) (see Scheme 16). 

For the interconversion of the diastereoisomers 14a and 14b, as for 
other compounds having five ligands, an intramolecular mechanism with¬ 
out cleavage of bonds is a very attractive mechanism, but dissociative 
processes must also be considered (76). Schiff-base exchange could be 
excluded as an epimerization mechanism; and, if the epimerization is 
carried out in the presence of triphenylphosphine, the latter does not 
show up in the reaction product, an argument against free coordination 
positions during the change of configuration of the Mo atom (76). The 
rigidity of pseudo-tetrahedral Co complexes [C 5 H 5 Co(C 3 F 7 )NN*]PF 6 
(124) and the nonrigidity of the pseudo-square-pyramidal Mo complexes 
[C 5 H 5 Mo(CO) 2 NN*]PF 6 , both containing the same unsymmetrical Schiff 
base NN* derived from 2-pyridinecarbaldehyde and (S)-l-phenylethyl- 
amine, also indicate the intramolecular character of the epimerization in 
the square-pyramidal compounds because an intermolecular mechanism 
should operate for both of them (II, 92). 

Another argument for the intramolecular nature of the metal-centered 
rearrangement of square-pyramidal compounds consists in the effects of 
substituents on the rate of epimerization of compounds of the type 
C 5 H 5 M(CO) !! LL'. Thus, a methyl group in C-6 of the pyridine ring in 14 
(Scheme 16) decreases the rate of epimerization by 2 powers of ten 
compared to the unsubstituted derivative 14 (77). Also, a Schiff base 
NN*, derived from 2-quinolinecarbaldehyde, instead of 2-pyridinecar¬ 
baldehyde, in the complex [C 5 H 5 Mo(CO) 2 NN*]PF 8 leads to a large de¬ 
crease in the rate of epimerization (77). Obviously, an annellated benzene 
ring increases the activation barrier for the pseudo-rotation in much the 
same way as a 6-methyl group. 



Scheme 16 
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The drastic drop in the rate of epimerization of ortho-substituted de¬ 
rivatives compared to the unsubstituted or para-substituted complexes is 
ascribed to the steric effect of the ortho substituents. In an intramolecular 
isomerization, steric hindrance is expected to increase with the size of 
the ortho substituents (//, 92). For a dissociation reaction, or for chelate 
ring opening, a steric acceleration should be observed if the ortho sub¬ 
stituents are bulkier. These substituent effects therefore support an in¬ 
tramolecular formulation of the epimerization reaction in Scheme 16. 

The simplest possibility for a change in configuration of the metal atom 
without cleavage of bonds is rotation of the chelate ligand LL' by 180° 
with respect to the rest of the molecule, as indicated by the arrow in 
Scheme 16 (II, 76, 92), although several other modes can be envisaged 
(125-127). 


B. Optical Stability 

As shown in Section III,C, many different chelate ligands LL' have 
been used for the synthesis of optically active Mo and W complexes of 
the type C 5 H s M(CO) 2 LL'. They have all been investigated with respect 
to their configurational stability at the metal atom. As a gauge, the rate 
of epimerization with respect to the metal atom was used, measured both 
by polarimetric kinetics and by time-dependent *H-NMR integration (II, 
92). 

On varying the chelate ligands LL', large differences in the rate of the 
metal-centered rearrangement were encountered. The change in config¬ 
uration of the metal atom in [C 5 H 5 Mo(CO) 2 LL']PF 6 , in which LL' are 
neutral four-electron Schiff-base ligands, depending on the substituents, 
proceeds with half-lives of —30 minutes at temperatures of 75-90°C 
(76,77). About the same optical stability was observed for the cations in 
the complex [C 5 H 5 Mo(CO) 2 LL']PF 6 (LL' = propylenediamine) (81), and 
for the neutral complexes C 5 H 5 Mo(CO) 2 LL', LL' being either the anion 
of the Schiff base derived from pyrrole-2-carbaldehyde and (S)-l-phen- 
ylethylamine, or the anion of the 2-pyridine-carboxylic acid thioamide, 
showing that the charge does not have a large influence on the epimeri¬ 
zation rates (82, 88). Much more configurationally labile are the neutral 
complexes in which LL' is the anion of a thioamide. Depending on the 
substituents, these complexes epimerize with half-lives of —30 minutes 
at 30-40°C (84-87). In the same range are the half-lives for the epimeri¬ 
zation of the neutral derivatives with LL' = o-metalated benzaldimines 
(83). A correlation of corresponding Mo and W compounds reveals that 
with few exceptions, the W complexes, epimerize a little faster than the 
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Mo derivatives (76, 77). Further work is needed so that the critical 
dependence of the rate of isomerization on the nature of the chelate 
ligand LL' may be understood. 

The configurationally most labile optically active square-pyramidal de¬ 
rivative shown to date is compound 25, simultaneously the first example 
of an optically active square-pyramidal complex having five independent 
ligands (67) (see Scheme 17). Starting with 25a in toluene solution at 0°C, 
the first-order approach to equilibrium proceeds with a half-life of 27 
minutes. The extreme lability of the Mo configuration in 25a can be used 
for the following asymmetric transformation. If an equilibrium mixture 
of 25a and 25b that contains both isomers in the ratio ~ 1:1 is cooled to 
-20°C, one isomer (25a) starts to crystallize. Because at -20°C, equili¬ 
bration is still fairly rapid, 25b is steadily transformed into 25a until 
almost all the material is converted into solid 25a (67). No trace of the 
corresponding trans isomer can be seen in the ‘H-NMR spectrum on 
equilibration. 

The example of 25 leads to a class of compounds the metal configu¬ 
ration of which is so labile that dynamic NMR spectroscopy is more 
appropriate than polarimetry for studying inversion of configuration of 
the metal atom. In this way, the fast interconversion of many square- 
pyramidal compounds of the type C 5 H 5 M(CO) !! LX has been investigated, 
and the intramolecular character of the metal-centered rearrangement 
demonstrated, in accord with the mechanism proposed in Section X,A 
(74, 128-135). 


XI 

THE STEREOCHEMISTRY OF REACTIONS AT Fe—C AND Fe—Hal 
BONDS 


A. S0 2 Insertion 

Sulfur dioxide readily inserts into metal-carbon a- bonds (136, 137). 
The reaction is stereospecific with respect to the configuration at the a- 
carbon atom of the alkyl group (138) and proceeds with inversion of 
configuration at the a-carbon atom (139-142). The stereospecificity of 
the S0 2 insertion with respect to the metal center was demonstrated with 
diastereoisomeric pairs of enantiomers of Fe compounds (143-146). Also, 
the stereochemistry of the S0 2 insertion at the iron atom was studied by 
starting with the optically active iron alkyl derivative 26a (see Scheme 
18). Retention of configuration was concluded from the similarity in the 
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chiroptical properties of the starting material 26a and the product 27a 
(30, 96), and proved by X-ray determination of the absolute configura¬ 
tions (147). 

These results are in accord with rear-side attack of S0 2 at the a-carbon 
atom of the alkyl group, with inversion of configuration of the a-carbon 
atom, affording a tight ion-pair M + RS(V, from which first the O- and 
then the S-bonded products MS0 2 R are formed with retention of config¬ 
uration of the metal atom (8, 30, 136, 145, 147). The stereoselectivity of 
the S0 2 insertion with respect to the metal configuration is dependent on 
the alkyl substituent, decreasing from isobutyl to methyl (30). In neat 
S0 2 the stereoselectivity at iron is usually lower than in CH 2 C1 2 /S0 2 
solution, where the reaction is stereospecific (30, 143, 145). This stereo- 
specificity has been used to determine the enantiomeric purity of 
C 5 H 5 FeR(CO)[P(CaH 5 ) 3 ] (R = alkyl) compounds (29, 30). The reduced 
selectivity at Fe of the S0 2 insertion into Fe-alkyl bonds in neat S0 2 
compared to CH 2 C1 2 /S0 2 was explained by increased dissociation of 
the tight ion-pair C 5 HsFe(C0)[P(CeH 5 )3] + 0 2 SR _ in neat S0 2 . Trapping of 
the cation of C 5 H 5 Fe(C0)[P(C 6 H s )3] + 0 2 SR- by I" of added KI led to 
optically active C s H 5 Fe(CO)[P(C 6 H 5 > 3 ]I (30, 145, 147). In the reaction of 
optically active C 5 H 5 Fe(CO)[P(C 9 H 5 ) 3 ]CH 2 OR with S0 2 , insertion into 
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C—O before Fe—C was observed, giving the compounds (+)- 
C 5 H 5 Fe(CO)lP(C 6 H 5 )3]CH i! SO3R(i0). 

B. Carbonylation and Decarbonylation 

Metal-alkyl bonds can be carbonylated, and metal-acyl bonds can be 
decarbonylated (10, 137). The carbonylation reaction supposedly pro¬ 
ceeds by alkyl migration from the metal to a terminal CO group, ligand 
L occupying its former position, and vice versa for the decarbonylation 
process (10, 137). Both reactions have been shown to be stereospecific, 
with retention of configuration of the carbon atom adjacent to the metal 
or to the carbonyl group (8-10, 138, 140, 148, 149). With such diaste- 
reoisomeric pairs of enantiomers as l,3-(CH 3 ,C6H5)C5H 3 Fe(CO)- 
[P(CeH 5 ) 3 ]COCH 3 and C 5 H 5 Fe(CO)[P(C B H 5 ) 3 ]COCH 2 CH(CH 3 )(C 6 H 5 ), 
it could be shown that the photochemical decarbonylation is highly 
stereoselective with respect to the Fe atom, a loss in stereospecificity 
being due to an epimerization subsequent to CO elimination (144, 150, 
151). 

In an elegant study, Davison et al. (108) demonstrated the alkyl migra¬ 
tion step in the decarbonylation of iron acyl derivatives. Starting from 
(~)-C 5 H 5 Fe(CO)(COOC 10 H 19 )P(C 8 H 5 ) 3 (19b), the (+)-acetyl and ( + )-pro- 
pionyl compounds +20 and +29 (Scheme 19) were prepared by reaction 
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with LiCH 3 and LiC 2 H 5 , as discussed in Section VIII,B. Although having 
an inverted configuration compared to the ester 19b used for their prep¬ 
aration, the two (-)-acyls must have the same relative configuration at 
the Fe atom (105, 108). Reduction of the (+)-acetyl complex +20 with 
NaBH 4 via (-)-{C 5 H 5 Fe(CO)[P(C 6 H 5 ) 3 ]C(OC 2 H 5 )CH 3 }BF 4 (95) gives the 
(+)-ethyl compound +28 which must necessarily have the same relative 
configuration of the Fe atom, as the reduction does not involve the 
asymmetric iron atom (108). Photochemical decarbonylation of the (+)- 
propionoyl compound +29 also gives an iron ethyl compound -28. The 
opposite optical rotation shows that compound -28 has an Fe configu¬ 
ration opposite to that of +28 formed on reduction, although according 
to the reduced optical rotations of -28 compared to +28, obviously some 
racemization has taken place during the photochemical decarbonylation 
(108), as mentioned before (144, 150, 151). These observations are in 
agreement with the proposed decarbonylation mechanism with ethyl mi¬ 
gration into the site vacated by the leaving terminal CO ligand (10, 137). 


C. Cleavage of Fe—C and Fe—Hal Bonds by Electrophiles 

The (-) 335 -iron iodo compound 30a containing the aminophosphine (5)- 
(+)-(C 6 H 5 ) 2 PN(CH 3 )CH(CH 3 )(C 6 H 5 ), can be easily prepared in large 
quantities (65). According to Scheme 20, the (-) 365 -iodo complex can be 
transformed into other optically active compounds: by reaction with 
LiCH 3 , into the (-) 365 -methyl derivative 31a, and by interaction with 
bromine and chlorine, into the corresponding (-) 365 -bromo and (-) 365 - 
chloro derivatives 32a and 33a, respectively (58). Similarly, the Fe—C 
bond in the (-) 365 -methyI compound 31a can be cleaved by the halogens 
I 2 , Br 2 , and Cl 2 to give the corresponding (-) 365 -halo derivatives 30a, 32a, 
and 33a (58). 

The optical rotations of the products show that all of these reactions 
are stereoselective. By the following reaction cycle, it can be proved that 
reaction 30a -*■ 32a proceeds with retention of configuration of the metal 
center. Starting with the (-) 365 -methyl compound 31a, the (-) 365 -bromo 
complex 32a can be arrived at in two ways: in a one-step or a two-step 
reaction. Consequently, the Fe—C bond in 31a can be directly cleaved 
by Br 2 , or it can first be cleaved by I 2 , and then, in a second step, the 
corresponding (-) 365 -iodo derivative 30a can be converted into the (-) 365 - 
bromo compound 32a. If the same stereochemistry for the cleavage of 
the Fe—C bond in 31a by the halogens Br 2 and I 2 is assumed, the 
transformation step (-) 365 -iodo compound 30a -* (-) 365 -bromo compound 
32a must necessarily occur with retention of configuration (58). 
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As the two diastereoisomers of each product have different ‘H-NMR 
spectra, the degree of stereoselectivity for all of the reaction steps in 
Scheme 20 can be determined by NMR integration. It turned out that, 
depending on the reaction type and the reaction conditions, different 
stereoselectivities were found. Hence, the bromination of the (-) 385 -iodo 
compound 30a has a stereoselectivity as high as 80%, whereas the meth- 
ylation of 30a and the halogen cleavage of the Fe—C bond in 31a occur 
with an optical yield of only —40% (58). 

Interestingly, unreacted starting material in all of the reactions in 
Scheme 20 was partly epimerized with respect to the iron atom. Similarly, 
reduced optical purity of reaction product and recovered starting mate¬ 
rial, compared to the starting material used, was also observed in elec¬ 
trophilic cleavage reactions of other optically active 
C s H 5 Fe(CO)tP(CeH 5 ) 3 ]alkyls (752) and, earlier, of (1,3- 
CH 3 ,C 8 H B )C 5 H 3 Fe(CO)[P(C 8 H 5 ) 3 ]alkyls, in which the two diastereoiso- 
meric pairs of enantiomers were enriched (M3, MS). As an explanation, 
the formation of a square-pyramidal intermediate by addition of an elec¬ 
trophile to the Fe atom was proposed. Such an intermediate could pseu¬ 
dorotate, like the compounds discussed in Section X. If reversion to the 
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starting material or conversion to products, for which different pathways 
including chiral intermediates of reduced coordination number can be 
envisaged, are not greatly different in rate from that of pseudorotation, 
all of the stereochemical results obtained can be explained {143, 145, 152, 
153). 

The cleavage of the Fe—Si bond in (-)-C 5 H 5 Fe(CO)[P(C6H 5 ) 3 ]- 
Si(CH 3 )(C8H 5 )(l-C,oH 7 ) by Br 2 and I 2 , respectively, proved to be 
stereoselective with respect to the Si atom, but the Fe compounds 
C 5 H 5 Fe(CO)lP(C 6 H 5 ) 3 ]Br and C 5 H 5 Fe(CO)tP(C 6 H 5 ) 3 ]I were completely 
racemized at the Fe atom {154, 155). In the cleavage of the Fe—C bond 
in optically active C 5 H 5 Fe(CO)(COOC 10 H 19 )P(C6H 5 ) 3 and 
C 5 H 5 Fe(CO)lP(C 6 H 5 ) 3 ]COCH 3 by iodine, only optically inactive 
C 5 H 5 Fe(CO)[P(C 8 H 5 ) 3 ]I is formed {156). As far as the configuration of the 
a-C atom of the alkyl group is concerned, retention, as well as inversion, 
has been found for the electrophilic cleavage of Fe—C bonds {8, 139, 
140, 157-159). Also, S0 2 -induced epimerization at the a-carbon atom in 
the alkyl chain of CsHsFelCOXPlOCeHsklCHlCsHslSUCH.,):, was re¬ 
ported {160). 


XII 

MISCELLANEOUS REACTIONS 

Whereas the (-) 365 -methyl compound (31a) in Scheme 20 is configu¬ 
rationally stable in solution, even at high temperatures, the corresponding 
iodo, bromo, and chloro derivatives 30a, 32a, and 33a epimerize in so¬ 
lution by change of configuration at the iron atom {60). The half-life of 
the Cl compound (33a) at 30°C in benzene is 29 minutes, that of the Br 
compound (32a) at 45°C is 185 minutes, and that of the I compound (30a) 
at 70°C is 51 minutes. The epimerization mechanism has been shown to 
occur by phosphine dissociation. Chiral intermediates could not be dem¬ 
onstrated. If, in the iodo compound (-FCsHsFelCOKPICeHsliiNIR) 
CH(CH 3 )(C6H 5 )]I, the aminophosphine containing an N -methyl group 
(R = CH 3 ) is replaced by the aminophosphine carrying an N-ethyl group 
(R = C 2 H 5 ), the rate of epimerization at 70°C increases (the half-life 
decreasing from 51 to 11 minutes) in accordance with the view that an 
increase in size of the phosphine favors dissociation. It was shown that 
phosphine exchange and epimerization have the same rates {60). 

Another optically active series of configurationally labile compounds 
has been reported for cobalt. In the complexes [CsHsCofRfJLPlCsHs^R*]!, 
R f can be CF 3 , C 2 F 5 , C 3 F 7 ; and the aminophosphines P(C„H 5 ) 2 R* are (5)- 
(C 6 H 8 ) 2 PN(R)CH(CH 3 )(C6H 5 ) (R = H, CH 3 , C 2 H 5 , CH 2 C 6 H 5 ) {63). These 
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compounds epimerize in different solvents with half-lives of ~30 minutes 
near room temperature (the mechanism being unknown), a value similar 
to that for the epimerization and structural isomerization of (-)- 
C 5 H 5 Co(C 3 F 7 )(NCS)CNCH(CH s )(C a H & ) (70). 

Other reactions that are stereoselective or stereospecific with respect 
to the metal configuration are the Ti—O cleavage, discussed in Section 
II,B, and the Walden inversion at the asymmetric Mo atom discussed in 
previous reviews (11, 69). 

In the preceding paragraphs, different types of compound that are 
configurationally stable and labile at the metal center, as well as some 
stereochemical results of their reactions, were discussed. However, this 
large field has only been lightly plowed, and many important questions 
remain open. When is a chiral compound optically stable at the metal 
center, and when is it optically labile? What is the mechanism of the 
change in the metal configuration in case it is labile? What is the ste¬ 
reochemistry of a reaction at a chiral metal center: retention, inversion, 
or racemization? Our knowledge of these matters remains rudimentary. 
Until rationalizations for, and especially predictions regarding, the con¬ 
figurational stability of new compounds and the stereochemical course 
of their reactions can be made, much detailed information remains to be 
accumulated. There is still a long way to go before this area of stereo¬ 
chemistry will be as well understood as the stereochemistry of nucleo¬ 
philic substitution at the asymmetric carbon atom (161) and the asym¬ 
metric silicon atom (162). 


XIII 

OPTICAL INDUCTION 

A. Asymmetric Synthesis 

Frequently, in the synthesis of optically active organo-transition-metal 
complexes, the chiral center at the metal atom is built up by starting with 
a prochiral precursor, as shown for the Mn compounds in Scheme 6. The 
compound [C 5 H 5 Mn(CO) 2 NO]PF 6 contains a symmetry plane bisecting 
the cyclopentadienyl ring, the manganese atom, the nitrosyl group, and 
the angle between the two carbonyl groups. If one of the two enantiotopic 
carbonyl groups is replaced by a monodendate ligand L, the metal atom 
becomes a chiral center. Under achiral conditions, CO substitution at 
both sites is equally probable, the enantiomers being formed in a 1:1 
ratio (19-22). Toward an optically active ligand L*, however, the two 
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Mn—CO sites are no longer equivalent, and two diastereoisomers, dif¬ 
fering only in the metal configuration, are formed in a ratio differing from 
1:1. When the diastereoisomers are stable toward interconversion, their 
ratio is a measure of the optical induction of the optically active ligand 
L* in the asymmetric synthesis, reflecting the different activation ener¬ 
gies for the formation of the two different diastereoisomers from the 
same prochiral precursor. In the reaction in Scheme 6, the optically 
active aminophosphine (C 6 H 5 ) 2 PN(CH 3 )CH(CH 3 )(C 6 H 5 ) yields a diaste- 
reoisomer ratio of 11a:lib = 66:34 (55), whereas in the reaction with the 
prochiral C 5 H 5 Mo(CO) 2 NO the diastereoisomer ratio of 15a: 15b is close 
to 50:50 (54, 59). As well as the aminophosphine ($)-(+)- 
(C 6 H 5 ) 2 PN(CH 3 )CH(CH 3 )(C 6 H 5 ), ten other unidendate optically active P 
ligands were used in the reaction with C 5 H 5 Mo(CO) 2 NO, the optical 
induction ranging between the diastereomer ratios 70:30 and 50:50 (54). 
Such low optical inductions seem to be representative of asymmetric 
synthesis in which a chiral center at the metal atom is formed from a 
prochiral precursor under kinetic control. 

Higher optical inductions have been observed in special cases. Thus, 
in the reaction of C 5 H 5 Mo(CO) 3 H with optically active aziridines (see 
Scheme 21), the aziridine ring is opened; and, with incorporation of CO, 
a compound having an unsymmetrical five-membered chelate ring is 
formed in which the Mo atom is an asymmetric center (90). The two 
chiral carbon atoms in the aziridine system, mainly because of the tend¬ 
ency of the bulky substituents to stay equatorial in the puckered five- 
membered chelate ring, control the configuration at the Mo and N atoms, 
so that only one isomer is formed (34a), the absolute configuration of 
which has been determined (90, 91). 

Another example of a reaction leading to exclusive formation of one 
metal configuration is (+>bis(7r-pinenyl)nickel (163), in which the Ni atom 
is bonded to two 7r-allyl systems. The combination of one ir-pinenyl 
system with a Ni atom is a chiral entity, in which the metal is an asym¬ 
metric center. The opposite configuration at Ni would result should the 


CjHsMolCOljH 




Scheme 21 



188 


HENRI BRUNNER 


Ni be bonded to the other side of the ir-pinenyl system, which is sterically 
severely hindered. Therefore, only one isomer is formed, the X-ray struc¬ 
tural characterization of which has been reported (163). Similarly, the 
diene (+)-carvone favors coordination via one side in the C 5 H 5 Rh com¬ 
plex, characterized by X-ray crystallography (164-166). In both cases, 
the metal configuration is coupled to the configuration of the asymmetric 
carbon atoms in the 7r-allyl and 7r-diene ligands, respectively, thus giving 
rise to the stereochemistry usually encountered in organometallic com¬ 
pounds having planar chirality (5-8). 


B. Epimerization Equilibria 

As this topic and its relation to asymmetric catalysis has been reviewed 
(167, 168), only one representative example will be given here. In Section 
X, it was mentioned that equilibration of the square-pyramidal thioam- 
idato complexes is rapid in toluene solution at ~40-50°C (79, 84-87). It 
may be recalled that these two diastereoisomers contain exactly the same 
ligands, differing only in the configuration at the Mo atom. In the equil¬ 
ibration reaction, the labile configuration at the metal center changes 
under the influence of the stable chirality in the amino side chain of the 
optically active ligand. Thus, the optically active ligand controls the 
equilibrium concentration of the two possible metal configurations. A 
gauge of this optical induction from the ligand to the metal atom is the 
diastereoisomer ratio at equilibrium, which is identical with the equilib¬ 
rium constant, reflecting the different energy content of both diastereo¬ 
isomers, irrespective of the mechanism of the change in configuration at 
the metal atom (79, 92). For the C 5 H 8 Mo(CO) 2 complexes containing the 
thioamidato ligand system SC(X)NCH(R)(C6H 5 ), the diastereoisomer 
ratio 35b :35a at equilibrium was studied as a function of the substituents 
X and R in the thioamidato ligand (see Scheme 22). 

The variation of substituent X, the amino component being (S)- 
NCH(CH 3 )(C # H 5 ), gave the results shown in the first column of the table 
in Scheme 22. For the formic acid derivative (X = H) with a 50:50 
equilibrium ratio of both diastereoisomers, there is no optical induction 
when the labile metal configurations equilibrate under the influence of 
the stable chirality of the (SFCFRCHaXCgHs) group in the ligand. On 
going from the thioamidato system derived from formic acid to those of 
acetic acid, benzoic acid, and 1-naphthoic acid, the equilibrium ratios in 
toluene-d g at 40°C steadily rise, reaching 74% optical purity of the favored 
diastereoisomer for X = 1 -Ci„H 7 (79, 55). Also, a variation of the alkyl 
substituent R at the inducing asymmetric center was carried out for the 



Chiral Metal Atoms 


189 



(35c) (35b) 


X = CH, 



69 

77 

87 



98 : 2 


99 : 1 


Scheme 22 


acetic acid and benzoic acid series (lines 2 and 3 of the table in Scheme 
22). The alkyl substituents R = CH 3 , C 2 H 5 , and CH(CHs) 2 were used. In 
the acetic acid series, the corresponding equilibrium diastereoisomer 
ratios were 69:31, 89:11, and 98:2, identical to an asymmetric induction 
of 38, 78, and 96%. For the benzoic acid series, all ratios were a little 
larger, that for R = CH(CH 3 ) 2 reaching an equilibrium induction of 98% 
(59). Thus, the metal configuration in labile complexes can be controlled 
by asymmetric induction from optically active ligands (167). Similar equi¬ 
librium studies have been reported for other square-pyramidal complexes 
of the type C s H 5 M(CO) 2 LL' (55, 92, 169, 170) and for such pseudo- 
tetrahedral systems as C s H 5 M(CO)(R0(PR 3 )I (63), both containing labile 
metal configurations. 


XIV 

DIASTEREOISOMERICALLY RELATED PAIRS OF ENANTIOMERS 

In Section III, it was shown that the introduction of an optically active 
resolving agent (5') into a pair of enantiomers (R)/(S) gives two diaste- 
reoisomers (R,S') and (S,S') with different metal configurations. Instead 
of an optically active resolving agent (5'), a racemic mixture of a chiral 
ligand (R')/(S') can also be used. Then, not two, but four, isomers are 
formed: two diastereoisomeric pairs of enantiomers (R,R') and (S,S') 
as well as (R,S') and (S,R’). An example is presented in Scheme 23, 
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showing the various possible combinations of a chiral center (R')I(S') in 
the side chain of an alkyl ligand having a chiral Fe configuration (R)/(S) 
(144, 150). 

Similarly, cyclopentadienyl ligands containing the 1-phenylethyl sub¬ 
stituent and cyclopentadienyl ligands of planar chirality, e.g., with CH 3 
and CeH 5 substituents in 1,3-position to each other, were used as racemic 
ligand components (R')I(S'), mainly by the groups of Wojcicki ( 143-145 , 
150, 151) and the Dijon group (171-179). Together with an asymmetric 
metal center of configuration (R)/(S), two diastereomerically related pairs 
of enantiomers arise. Also, some interesting compounds in which the 
metal atom is a center of pseudoasymmetry have been described (180, 
181). 

The separation methods described in Section IV for pairs of optically 
active diastereoisomers have also been applied to mixtures of diaste- 
reoisomeric pairs of enantiomers. By one or other of the following meth¬ 
ods, it was possible to separate diastereoisomeric pairs of enantiomers 
completely or, at least, to obtain enriched fractions. In chromatography 
under achiral conditions, enantiomers are eluted at identical rates. There¬ 
fore, the pairs of enantiomers (RR')J(SS') and (RS’)/(SR') can be sepa¬ 
rated chromatographically in the same way as a pair of optically active 
diastereoisomers (RS') and (SS'). By application of the methods based 
on solubility differences for many examples, fractions containing the less 
soluble pair of enantiomers could be separated from fractions containing 
the more soluble pair of enantiomers. However, with respect to the 
separation,by solubility differences, the situation with two diastereoiso¬ 
meric pairs of enantiomers is more complicated than that of a pair of 
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optically active diastereoisomers, because, besides pairs of enantiomers, 
pure enantiomers may also crystallize ( 143-145, 151, 171-179). 

As an analytical method for determining the diastereoisomeric purity, 
thin-layer chromatography is occasionally used, but most frequently 1 H- 
NMR spectroscopy is employed. Enantiomers give identical spectra. 
Thus, the ‘H-NMR spectrum of a mixture of diastereoisomeric pairs of 
enantiomers contains only two sets of signals, one set for each pair of 
enantiomers; this is analogous to the situation with a pair of optically 
active diastereoisomers described in Section VI. Hence, by *H-NMR 
spectroscopy, the separation of diastereotopic pairs of enantiomers can 
be monitored, and the diastereoisomeric purity can be controlled (143- 
145, 151, 171-179). 

With separated pairs of enantiomers (RS')l(SR') and (RR')l(SS'), re¬ 
spectively, optically inactive but chiral at the metal atom, essentially the 
same stereochemical investigations can be carried out as with optically 
active compounds. Some of these aspects, including a selection of leading 
literature references will be given in the following discussion. Labile 
configurations at the metal center lead to the appearance of new signals 
in the NMR spectra (142, 145, 151), the stereoselectivity of reactions 
can be determined (44-48, 142, 145, 151), optical-induction phenomena 
can be studied (145), and absolute configurations can be assigned to the 
chiral metal centers (47, 182). 

As optically active resolving agents for the preparation of diastereoiso¬ 
mers (Sections II and III) compounds are preferably used that are opti¬ 
cally pure and configurationally stable under the reaction conditions 
employed. As described in Sections VIII-XII, many stereochemical in¬ 
vestigations have been performed with optically active diastereoisomers, 
frequently leading to a partial or complete change in configuration at the 
metal atom. In these reactions the configuration of the chiral ligand may 
also change, e.g., by deprotonation of enolizable or benzylic CH bonds. 
Such a change in the ligand chirality, observable by chiroptical methods, 
but not observable by such nonchiral methods as NMR spectroscopy, 
would lead to the four isomers (RS')/(SR')/(SS')/(RR') of two diastereo- 
isomerically related pairs of enantiomers. The same holds true for the 
preparation of diastereoisomers having different metal configuration on 
using an optically active compound that is not optically pure. The only 
difference between the last cases and the general case of diastereoiso¬ 
meric pairs of enantiomers considered in this chapter, is the quantitative 
aspect. The ratios of isomers may differ according to the optical purity 
of the starting materials used, the degree of epimerization at the various 
chiral centers, and the asymmetric induction between the various chiral 
centers. 
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The disadvantage of the use of pairs of enantiomers with respect to 
optically active compounds is the lack of chiroptical properties. Conse¬ 
quently, such techniques as polarimetric kinetics cannot be used; and the 
chiroptical methods, a tool (described in the next section) that has proved 
to be extremely valuable in other areas of stereochemistry for the cor¬ 
relation of configuration of series of compounds or for connecting the 
configuration of starting materials and products of a chemical reaction in 
which the chiral center is involved, are not available for the assignment 
of configurations. 


XV 

CHIROPTICAL PROPERTIES 

Optically active organo-transition-metal compounds exhibit extremely 
large specific rotations, usually exceeding the specific rotations encoun¬ 
tered in organic chemistry by a factor of one or two powers of ten (4). 
These large rotational values are a consequence of the fact that the 
compounds are colored, and thus exhibit strong Cotton effects in the 
visible part of the spectrum. 

For some of the compounds, ORD spectra, and for most of them, CD 
spectra have been reported. The CD spectra of the two diastereoisomers 
(+)- and (-)-C s H 6 Ru(C1)(CHj)(C 6 H 5 ) 1 PN(H)CH(CH 3 )(C 8 H 5 ) (61) in 
Scheme 24 demonstrate what is representative for most of the diaste¬ 
reoisomers, which differ only in the metal configuration: the two curves 
are almost mirror images of each other because the CD is mainly deter¬ 
mined by the metal chromophore, and the chirality in the ligands usually 
makes only minor contributions, at least as far as the visible part of the 
spectrum is concerned. The same also holds for other chiroptical prop¬ 
erties. Consequently, the optical rotations of diastereoisomers generally 
have opposite signs, their values being not far from each other (51). Thus, 
diastereoisomers differing only in the metal configuration have, in addi¬ 
tion to their NMR differentiability, almost opposite chiroptical parame¬ 
ters (4). 

In Scheme 25, a series of compounds having different P ligands is 
shown, all having very similar CD spectra (54). In such cases, the simi¬ 
larity of the CD spectra has been used for the assignment of the same 
relative configuration to the metal atom, whereas virtually mirror-image 
morphology of the CD spectra has been taken as an indication of opposite 
relative configuration at the metal atom (105), arguments that are safe 
only if the compounds compared are not greatly different from each other 
(103). 

Preliminary attempts have been made to correlate the bands in the CD 
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spectra with the metal configuration (42,103). However, the development 
of rules for the correlation of configurations in organo-transition-metal 
chemistry by comparison of chiroptical properties is still an open field of 
research. 

Another open area is the assignment of the various electronic transi¬ 
tions observable in the absorption, CD, and ORD spectra. Owing to the 
fact that bands in chiroptical spectroscopy have opposite signs, maxima 
can be more easily identified in CD and ORD spectra than in absorption 
spectra. Also, such information as the rotatory strength can be used for 
band assignment, a necessary condition for a widespread use of chirop¬ 
tical spectroscopy for correlation of configurations. 

XVI 

ABSOLUTE CONFIGURATION 

Absolute configurations can be determined by X-ray crystallography, 
either by the method of anomalous X-ray scattering or by that of internal 
comparison with a reference of known absolute configuration. 
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With the absolute configuration known, the problem is the assignment 
of an appropriate configurational symbol to the metal configuration. In 
the (R,S) system of Cahn et al. (2, 3), there is no convention as to how 
ligands that are 7r-bonded to a metal atom should be treated. According 
to a proposal by Tirouflet et al. (182) and Stanley and Baird (184), 
polyhapto ligands are considered to be pseudo-atoms of atomic weight 
equal to the sum of the atomic weights of all of the atoms bonded to the 
metal atom. By this extension of the (R,S) system to polyhapto ligands 
in organo-transition-metal chemistry, the rank of ligands in the sequence 
rule can be defined. Hence, t) 6 -C 6 H 6 , t) 5 -C 5 H 5 , and t) z -C 2 H 4 count as 
pseudo-atoms of atomic weight 72, 60, and 24 (or atomic number 36, 30, 
and 12), respectively (182, 184). 

According to this proposal, and in addition to the rules of Cahn et al., 
the priority sequence of the four ligands in the Fe complex 19b in Scheme 
26 is C 5 H 5 > P(C 6 H 5 ) 3 > COOCi 0 H ,9 > CO, and the configuration at the 
Fe atom can be specified by use of the sequence rule as (S) (106, 107). 
For the comparison of literature data, it is necessary to note that in some 
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(14b) (19b) 

Scheme 26 


papers a different ligand sequence has been used (108). As with an 
asymmetric carbon atom, the asymmetric Fe atom in 19b belongs to 
chirality class a, for which an achiral borderline between (R) and (S) 
exists according to Ruch and Schonhofer (/ 85-187). 

On the other hand, the square-pyramidal and octahedral structures 
belong to chirality class b, for which there is no such achiral separation 
between ( R) and (5). For the examples known thus far, no ambiguity 
arises if the metal configuration in square-pyramidal molecules of the 
type C 5 H 5 M(CO) 2 L l L 2 is specified by using the sequence rule for the 
three ligands of highest priority (80). Therefore, the symbol for the Mo 
configuration in compound 14b is (R). The formula and the configura¬ 
tional symbol for 14b in (78, 80) are not in agreement with the correct 
absolute configuration of 14b in the ORTEP of Fig. 1 of (80). If in a 
complex more chiral centers are present, the metal designation precedes 
that of carbon, according to a suggestion of Wojcicki (142). Thus, the 
full specification of configuration for the Mo complex 14b is (R,S) (80). 


XVII 

TABLE OF OPTICALLY ACTIVE COMPOUNDS 

Table I collects the information available for optically active organo- 
transition-metal compounds having chiral metal atoms; a good deal of 
this material could not be mentioned in the preceding discussion of the 
more important lines of development. Only examples are included for 
which opposite configurations for the metal atom are possible, and for 
which a separation or enrichment of the isomers differing in the metal 
configuration has been demonstrated. For the sake of brevity, only one 



Compound 



TABLE I 


Remarks References 

R = C(CH),),; X = C«F 5 ; Y = OCHjCHfCHjXCaH,), Cl 41, 42 

R = C(CHj) t C«H s ; X = C„F 5 ; Y = OCH 1 CH(C 1 H 5 )(CJI 5 ), Cl 41, 42 

R = CH,; X - Cl; Y = OC I0 H,» 188 

R = CH(CH,)„ CH(CJ1,)„ C(CHj),C,JH 5 ; X = Cl; 49 

Y = OC,H„ OC»H 4 CH r 2, OCJf 3 CH r 3-CH(CH 3 ) r 6 

R = CH(CH 3 )(C»Hs); X = Cl; Y = C«F 5 43, 189 

R = R" = CH(CH^(C»H 5 ); R' = H; X = C.F, 43 

R = CH(CH,),; R' = CH,; R" = H; 49, 50 

X = OC.H,(CH,) r 2,6, OC,H,CH r 3-CH(CH^ r 6 

R , R" = CH(CHj)CH,CH,; X = C«F„ OC,H^CHJr2,6 50 

M = Mo; L = CNCH(CH,XQH.), CNC.H,,, P«^H 5 )3 69 

M = Mo; L = (QHj^N(CH,)CH(CH,XQH,) 59, 62 

M = Mo, W; L = (C„H,XPN(R)CH(CH,XQfl s ); R = H, 54 

CH,, C,H„ CH^H„ (CH,XPN(CHjX^H (CHjXC^H,), 

(QHjXPX; X = CH.CH(CH,XCoH s ), C 10 H 1# , OC I0 H lg , 

P(OC I0 H 1 ,) 3 , (C,H s O)P[OCH(COOC,H,)], 

N—N* = 2-CjH.N—CH=NCH(CH,)(C»H 5 ) 

M = Cr, Mo, W; L = P(C»H 5 ), 71 

M = Mn; L = Br 72 


R = COOCH,, CH, 36. 37 

L = PfOC.H,), P(OC,H !l )„ P(C»H 5 ), 








/T\ 

/ iMn '> 

OC^'-^^PtWl 

P(0CH 3 l3 


^6 



M = Mo, W; X = PF, 73 , 75 , 76 

L—L* = 2-CsH 4 N—CH=NCH(CH^(C*H S ) 78-80 

M = Mo, W; X = PF, 

L—L* = (6-CHJ-2-C^i s N—CH=NCH(CH^(C,H^, (4- 77, 79 

CH,)-2-C,H,N—CH=NCH(CH,)(C,Hj), [4,6-(CH,)J-2- 
CsH,N—CH=NCH(GH,)(C,H 5 ), 2- 
C»H,N—CH=NCH(CH,)(C,H S ) 

Mo = Mo; X = Cl, PF,; L—L« = H,NCH(CH,)CH,NH, 81 

M = Mo; L—X = 2-C,H,N—CH=NCH(CH,)(C,H,) 79, 

M = Mo, W; L—X = 2-C„H 4 —CH=NCH(CH,)(C,H,) 79, 

M = Mo, W; L—X = SC(R)NCH(R')(C,H,); R' = CH„ i- 79, 84 - 86 , 

C,H 7 

R = H, CH,, C,H„ 4-C,H 4 OCH„ 1-C 1b H 7 , 2-C 10 H 7i 
NHCH(CH 3 )(C,H 5 ) 

M = Mo; L—X = C(2-C 5 H 4 NXC,H 5 )N(H)[CH(CH,XC,H,)] 190-192 

M = Mo; L—X = 2-C,H 4 N—C(S)NCH(CHJ(C^ 5 ) 88 

M = Mo; L—X = COCH(R)CH(R')NH(R”) 90 , 91 

R = H, C,H 5 ; R' = CH,, C.H,; R' = H, CH, 

M = Mo; L = (C e H 3 ) 2 PN(CH 3 )CH(CH 3 )(C*H 5 ); X = Cl 67 

R' = CH, 39 . 40 

R = COOCH,, CH, 


S = H, CH, 

L = PfCjH,), 

L = (C„H 3 ),PN(CH,)CH(CH,)(C,H 3 ) 

L = P(4-CJ1 4 X), 

X = CF„ Cl, F, C,H„ H, CH,, OCH„ N(CH,) 2 


27 , 28 , 100 
53,55 
101 


~T 
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Compound Remarks References 


• R X = CFj, Cl, F, C«H S , H, CH S , OCH„ N(CH S ), 

^ f R = CH„ 4-C,H 4 X; L = PlCJfJ, 100 

R = C«H 5 ; L = P(4-C«H4X)j 101 

/ 1 , R = C„H 5 ; L = (C„H s ) i PN(CH 3 )CH(CH 3 )(C,H 5 ) 55 

ONrf^- ■ ; >»co 



S = H, CH, 

X = CFj, Cl, F, C«H 5 , H, CH„ OCH„ N(CHj), 

R = OC„H ll( , OC,H„ OCH,; L = PIC.H,), 13, 27, 102, 111 

R = CH„ 4-C^X; L = PlC.Hj),, 100 

R = C«H 5 ; L = Pl^Crfl^X), 101, 109 

R = OC 10 H„; L = Pt^C'HjX), 101 

R = C.H*; L = (C,H 5 ) 1 PN(CH 3 )CH<CH !> )(C,H 3 ) 55 

R = Crflj; L = P(CgH5)3, Pl^C^OCHj),, P(n-C 4 H 9 ) 3 , 109, 110 

P(OCjHj) 3 , CNCqHj,, CO 


M 

PIC 6 Hs)3 


L = C(CH 3 )N(H)CH(CH s )(C.H 5 ), C(CH s )OC,H 5 
L = C,H 4 




L = CNCHlCHjXC^Hs), X = I 

L = (C s H 5 ) 2 PN(R)CH(CH 3 )(C s H s ), R = CH 3 , C,H 5 58, 60, 65, 

X = CH 3 , COCH„ Cl, Br, I 


85 £ 




<-Q-> 


oc 



HC 6 H 5 | 3 



X = COOC 10 H„ 


X = CHjOC 1() H 19 , ch,i 
X = CHjR, SO,CH»R', Cl, Br, I, OCOCF, 

R = R' = H, CH 3 , C 2 H 5 , /-CaH,, CjH 5 , C„H 5 , COOC.oH,,, 
OC,«H 1# 

R = CN, OCHj, Cl, Br, I, SO 3 C 10 H 19 
X = CHjCOOC,«H„, SOjCHjCOOCk.H,, 

X = COCH*, COCjH 5 , CHj, C,H, 

X = R, COR, SOjR, R = CH 2 CH(CH 3 )(C«H 5 ) 

X = SiCH s (C 0 H 5 )(l-C 1 ,H,) 


93, 94, 103, 106, 107, 


103, 105, 108, 156 


L = (C«H 5 ) 2 PN(H)CH(CH 3 )(C«H 3 ) 61,64 

X = Cl, SnCl, 





L—X = 2-C 4 H a N—CH=NCH(CH a XC,H 5 ); R f = n-C,F 7 124 

L = CNCH<CHjXC,H 5 ); X = NCS; R, = n-C 3 F 7 70 

L = (C.H 5 ) 2 PN(R)CH<CH 3 )(C»H 5 ), R = H, CH 3 , C 3 H 5 , 63 

ch 3 c«h 5 

R, = CF 3 , C 3 F s , #i-C 3 F 7 ; X = I 





N—N* = 2-C 5 H,N—CH=NCH(CH 3 )(C«H 5 ) 
X = PF„ I 


124 


Continued 
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of the two possible configurations at the metal atom in enantiomers or 
diastereoisomers is shown. The assignment of configuration at the metal 
atom is arbitrary, except for those compounds, whose absolute configu¬ 
ration has been determined unambiguously. The arrangement of com¬ 
pounds adheres to the Periodic Table from Group IV to Group VIII. 
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I 

INTRODUCTION 

Transition-metal cluster compounds are currently under intensive scru¬ 
tiny because of their potential catalytic applications, both as models for 
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understanding catalytic metal surfaces ( 123-125, 127) and as catalysts in 
their own right (129, 141, 145). Numerous reviews (7, 36, 40, 41, 90, 100, 
125, 127, 159) on various aspects of the chemistry and properties of 
clusters have appeared, including reviews of tetranuclear carbonyl clus¬ 
ters (40), high-nuclearity metal carbonyl clusters (41), hydrido transition- 
metal clusters (90), structural and bonding patterns in cluster chemistry 
(159), clusters and surfaces (125), very small metallic and bimetallic 
clusters and their relevance to the cluster-surface analogy (127), and 
NMR studies of clusters (7). The purpose of this review is to address an 
increasingly important subset of clusters, those that contain a mixture of 
different transition metals in their metal framework. 

Mixed-metal clusters are of interest from three principal perspectives. 
First, they should prove valuable as precursors for the preparation of 
bimetallic and multimetallic heterogeneous catalysts (17, 141, 145). Such 
catalysts could be prepared by allowing clusters to adsorb onto such 
catalyst supports as Si0 2 and A1 2 0 3 , followed by pyrolysis to remove the 
ligands. This technique could yield multimetallic catalysts having pre¬ 
cisely defined compositions and high dispersion, provided that the degree 
of aggregation which occurs during the pyrolysis step i$ minimal. Second, 
mixed-metal clusters may find important applications in homogeneous 
catalysis. In particular, because of the different reactivities of the differ¬ 
ent metals present in mixed-metal clusters, multimetal homogeneous cat¬ 
alysts may show reactivity patterns significantly different from those of 
homometallic clusters. Finally, the low symmetry of mixed-metal clusters 
makes them useful for probing various aspects of the reactivity and 
molecular dynamics of clusters. For example, the dynamic properties of 
H 2 FeRu 2 Os(CO)i 3 were clearly resolved because of its mixed-metal char¬ 
acter (77). The consequent low symmetry allowed the carbonyls to be¬ 
come nonequivalent and distinguishable by 13 C-NMR spectroscopy. Like¬ 
wise, the specific sites of substitution in H 2 FeRu 3 (CO) 12 (PMe 2 Ph) were 
determined by NMR spectroscopy because of the inherent low symme¬ 
tries of the isomers of this complex (82). 

In this review, we have attempted to compile a comprehensive listing 
of all of the mixed-metal clusters that have been prepared. It has been 
necessary to adhere to a specific definition of a mixed-metal cluster, and 
the following two criteria have been set by us for detailed coverage in 
this review. 

(1) Only transition metals are considered under the mixed-metal cat¬ 
egory. 

(2) By definition, a cluster must contain at least three metals, and a 
portion of the cluster must contain a closed polyhedron. 
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These criteria have arbitrarily ruled out many compounds that may be of 
interest. We mention several of these in a noncomprehensive section at 
the end of this review. 

The clusters that we have surveyed are collected in Table I. 1 Clusters 
in this table are listed under the earliest transition metal contained within 
their framework. The groups of the periodic table are listed in succession, 
and within each group the metals are arranged by period. The entries in 
each metal listing are further categorized according to the size of the 
clusters, with smaller clusters listed before larger ones. For illustration, 
FeCo 2 (CO) 8 (C 2 Ph 2 ) appears before FeNi 2 (Cp) 2 (CO) 5 , but both are listed 
prior to FeCo 3 H(CO) 12 . 

Some interesting statistics are revealed in Table I. Of the 161 entries, 
clusters containing four metals dominate, having 83 separate entries. 
Three-metal clusters are next, with 56. There are 11 five-metal clusters 
and 10 six-metal clusters, but only 1 cluster containing more than six 
metals. The largest mixed-metal cluster is the X-ray-characterized 
[FesPd«H(CO) 24 ] 3_ containing twelve metals (111). Forty percent of the 
mixed-metal clusters shown in Table I contain iron (64 entries). The next 
largest contributor is cobalt, with 53 entries. The ranking by element 
with respect to number of entries is as follows: Fe (64) > Co (53) > Os 
(45) > Ru (32) > Pt (26) > Ni (19 )> Rh (16), Re (16) > Mo (12), W (10) 
> Mn (8) > Ir (7) > Cr (4), Cu (4), Au (4) > Pd (3) > Ta (2) > Ti (1), Zr 
(1), V(l),Tc(l). 


II 

SYNTHESIS 

It has been said that noticeably few metal clusters have been prepared 
by designed or rational synthetic procedures (52, 55). Indeed, most clus¬ 
ters have been prepared by placing together a variety of reagents, allow¬ 
ing them to react, and then examining the reaction mixtures to find out 
what compounds have been prepared. This is particularly true of mixed- 
metal clusters, and a real need exists for the development of synthetic 
procedures that can be used for the designed synthesis of particular 
compounds. 

Examination of the methods that have been used in preparing the 
mixed-metal clusters listed in Table I reveals that the majority have been 
synthesized via four general types of reaction: (1) pyrolysis, (2) addition 


1 For more recent listings, see Addendum, p. 268. 



TABLE I 

Mixed-Metal Clusters 


Index 

No. 

Cluster" 

Color 

Vco" 

Other available 
spectral data' 

Crystal 

structure 

Refer¬ 

ences 

Titanium 

1 

TiCo^Cp)j(CO) 8 

- 

— 

- 

No 

140 

Zirconium 

2 

Zr 2Co/Cp)^CO) 5 

- 

- 

- 

No 

140 

Vanadium 

3 

VC 03 (Cp)(CO) 8 

Black-brown 

Pentane: 2086 w, 2063 s, 

2054 s, 2025 m, 1864 m 

Mass 

No 

85 

Tantalum 

4 

[(Ta«Moja 1! )Cl g ] 1 - 

Dark green 

— 

UV-vis, far-IR, 
mag, ESR 

No 

117 

5 

[(TajMoCl,i)Clg] , - J_ 

Dark red 

" 

UV-vis, far-IR, 
mag 

No 

117 

Chromium 

6 

CrPtAt-C(OMe)Ph}(CO)»Li 

L = PMe(f-Bu)j, PCy 3 

Red 

L = PMe(r-Bu) i: 2019 vs, 
1936 vs, 1908 vs, br, 1876 

*H, «P 

No 

18 

7 

CrF ei (CO) u (PPh) 

Deep red 

Hexane: 2083 w, 2057 w, 

2036 vs, 2024 vs, 2016 s, 
2004 s, 1982 m, 1968 w, 
1945 w, 1938 m. 

Mass, *H 

Yes 

93 

8 

CrFeCo j(CO) H S 

Black 

Cyclohexane: 2108 w, 2071 
m, 2059 s, 2040 m, 2033 
w, 1989 m, 1963 s 


Yes 

132 



9 

[CrjNia(CO)u] ,_ 

Dark red 

CHjCl,: 2040 w, 1982 s. 

— 

Yes 

134 

Molybdenum (see also entries 4 and 5) 

10 Mo J Fe(Cp) s (CO) 8 

Red 

1925 w, 1890 m, 1842 
mw, 1795 w 

Pentane: 2050, 2020, 2000, 

‘H 

No 

57 

11 

Mo J Pt(Cp) s (CO)/PPh 3 ) ! 

Red 

1900, 1875 

Pentane: 1980, 1800 

*H 

No 

57 

12 

MoOs^CpXCO),* 

— 

— 

— 

No 

48 

13 

MoOsaH-JCpXCO),, 

— 

— 

— 

No 

48 

14 

MoCoa(CpXCO) i, 

Black 

CC1 4 : 2092 s, 2052 vs, 2045 

*H, Mass 

Yes 

137 

15 

[MosFeXCpMCOU*- 

Maroon 

vs, 2034 s, 19% s, 1982 
m, 1956 s, 1887 w, 1861 
m, 1835 sb 

CHjClj: 1998 ms, 1932 vs. 

»H 

No 

88 

S 16 

[Mo 2 Ni/CO) 14 ] 2_ 

_ 

1884 vs, 1868 ms (sh) 

_ 

Yes 

134 

17 

Mo^Cp^CO)^ 

Violet 

KBr: 1842 vs, 1801 m, 1772 

*H 

Yes 

21,60 

18 

L = PPh„ PEt, 
Mo s Pt J (Cp) 2 (CO)e(PHi3) 2 

Black 

vs 

KBr: 1831 vs, 1805 w (sh). 

_ 

No 

26 

19 

[MojNi^COJiJ 2- 

Red-orange 

1741 vs 

CHjCU: 2039 w, 1994 s. 


Yes 

134 




1933 m, 1901 s, 1838 w, 

1786 w 




Tungsten 

20 

WPtj{/i,-C(OMe)Ph}(CO) 4 L 1 

Red 

Cyclohexane, L = PMe(r- 

>H, "P, l, C 

Yes 

18 

21 

L = PMe(t-Bu) 2 , PCy s 

WjNi0t-CC«H 4 CH3) 2 (Cp)j(CO)4 

Purple 

BuX: 2032 s, 1940 m, 

1922 s, 1914 (sh) 


No 

19 

22 

W 1 Pd(/t-CC«H 4 CH 3 )j(Cp) I (CO) 4 

Purple 

- 

- 

No 

19 
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TABLE I ( Continued) 


Index 

No. 

Cluster* 1 

Color 

Vca 

Other available 
spectral data' 

Crystal 

structure 

Refer¬ 

ences 

23 

W^-CC^CHaMCpWCOh 

Purple 

_ 

_ 

No 

19 

24 

WRUjHtCpKCO), j 

— 

— 

— 

No 

48 

25 

WOs 3H(CpXCO) 12 

Red 

— 

*H 

Yes 

48 

26 

WOSjH/CpKCO)!, 

Orange 

— 

*H 

Yes 

48 

27 

WCo/CpXCO),, 

Black 

CC1 4 : 2090 s, 2052 vs, 2045 
vs, 2034 s, 1994 s, 1976 
ra, 1944 s, 1885 w, 1859 
m, 1832 s 

*H 

No 

137 

28 

[W jFeXCplXCO) id 1- 

Red-violet 

CHjC 1 3 : 1997 w, 1930 ms, 
1880 m (br) 

■H 

No 

88 

29 [WjNi^COiJ 1- 

Manganese 

Orange 

CHjC 1 2 : 2036 w, 1998 s, 

1930 mw, 1896 s, 1835 m, 
1791 w 


Yes 

134 

30 

[MnFeXCO),,]- 

Blue-black 

THF: 2063, 1999, 1990, 

1972, 1944, 1903, 1827, 

1785 

UV, ia C 

No 

15,73 

31 

[MnFeXCO)„L]- 
L = PPh 3 , PMePhj, P(0-<-Pr) 3 

Dark green 

THF, L = PPh 3 : 2040 m, 

1997 w (sb), 1974 s, 1953 
s, 1927 m, 1887 w, 1785 
w, 1750 w 

Moss, >H 

No 

53 

32 

MnFeXCpXCOJ^PHi) 

Deep red 

— 

— 

Yes 

91,92 

33 

[MnOsXCO) 12 ]- 

Red 

THF: 2080 w, 2018 s, 1981 
vs, 1943 m, 1914 m, 1897 
sh, 1887 m 


No 

106 



34 MnOsiH(CO) u 

35 [MnNi^CpJ/COJJ- 

36 MnOs^CO),, 

37 MnOsjH^CO),., 

Technetium 

38 [TcF e2 (CO) 12 r 

Rhenium 

39 [ReFej(CO),J _ 

40 [ReOs^CO),*]- 


ReOsjH(CO), 


Orange Hexane: 2136 w, 2081 s. Mass No 106 

2051 vs, 2038 vs, 2016 m, 

2001 m, 1993 m, 1975 m, 

1957 m, 1951 m 

Green-black THF: 1971 vs, 1896 s, 1878 *H No 87 

s (sh), 1744 w, 1688 m, 

1647 w (sh) 

Yellow Hexane: 2136 w, 2093 m. Mass No 106 

2069 s, 2056 s, 2031 m, 

2022 m, 2015 m, 2006 m, 

1996 m, 1988 m (br), 1977 
m, 1970 w 

Scarlet KBr: 2133 m, 2086 s, 2055 — No 106 

s, 2043 sh, 2020 sh, 2008 
s, 1990 sh, 1950 m, 1830 


Dark red THF: 2077 w, 2008 w, 1987 — No 109 

s, 1943 m, 1903 w, 1815 
w, 1783 w 


Yellow THF: 2075 w, 2006 m, 1991 — No 66 

s, 1946 m, 1903 w, 1814 
w, 1785 w 

Orange THF: 2085 w, 2021 s, 2009 — No 106 

s, 1990 s, 1954 w, 1941 
sh, 1925 sh, 1887 m 

Yellow Hexane: 2136 w, 2086 s. Mass No 106 

2058 sh, 2053 vs, 2029 m, 

2014 m, 2000 s, 1992 m, 

1982 m, 1967 m, 1953 m 


Continued 



No. 


Cluster 0 


Color 


42 RejRuH^COl.j Yellow 


43 Re^H^COJglPPh^ — 

44 Re^uHlCOJglPPha) — 

45 [ReRualCO),,^ Orange-red 

46 ReOs 3 H(CO) 15 Orange 


47 ReOs^COUNCCHj) 


48 ReOsjHjfCO)^ Orange 


49 ReOsjHlCO)^ Yellow 

50 ReOsjHsCCO),, 

51 Re:Ru : H : (CO) I6 Yellow 

52 RejOsaHjfCO),,, — 

53 Re 2 Os 3 H 2 (CO) 111 — 


Re 2 Os 3 H2(CO)2o 


Yellow 


I ( Continued) 


Other available Crystal 
spectral data 0 structure 


Refer- 


Hexane: 2095 m, 2091 sh, — No 106 

2070 m, 2042 s, 2034 sh, 

2009 m, 2001 m, 1987 m, 

1978 m, 1956 m 

— — Yes 149 

— — No 149 

THF: 2009 vs, 1982 s, 1960 — No 106 

(br) sh, 1932 sh, 1891 m 

KBr: 2131 w, 2091 s, 2070 Mass Yes 47,106 

sh, 2057 sh, 2051 s, 2018 144 

s, 1991 sh, 1971 sh, 1950 
m, 1933 m 

C«H 13 . 2114 vw, 2084 m, Mass No 142,143 

2058 m, 2029 m, 2015 sh, 

2002 s, 1991 m, 1981 w, 

1971 m, 1965 sh, 1932 w 

KBr: 2138 s, 2090 s, 2063 — No 106 

sh, 2030 br, 1983 s, 1968 
sh, 1900 m 

— ‘H, Mass No 144 

— _No 142,143 

— — No 106 

— — No 143 

C«H, Z : 2107 m, 2078 m, 'H, Mass No 144 

2062 m, 2051 m, 2015 s, 

2004 s, 2000 s, 1994 s, 

1986 m, 1976 s, 1964 s, 

1950 vw, 1930 w 


>H, 13 C, Mass 


Yes 


144 



Iron (see also entries 7, 8, 10, 15, 28, 30-32, 38, 

and 39) 





55 

FeRu2(CO) 12 

Orange-red 

Cyclohexane: 2067 s, 2042 
vs, 2034 s, 2012 w, 1988 

UV-vis, Mass 

No 

161 

56 

FeOs^CO),, 

Orange 

Heptane: 2070 s, 2042 vs, 
2034 vs, 2022 m, 2008 w, 
2003 m, 1988 w 

- 

No 

121 

57 

FeCo2(CO) 9 Y 

Y = S, Se, Te 

Violet 

Hexane, Y = S: 2104 vw, 
2066 s, 2054 vs, 2042 s, 
2029 m, 2000 vw, 1985 m, 
1950 vw 

l3 C 

Yes 

99,148,151 

58 

FeCo^COMPPh) 

Black 

Light petroleum: 2101 w, 
2059 vs, 2048 vs, 2039 vs, 
1981 w, 1969 w 

Mass 

No 

32 

59 

FeCo/CO^US 

L = PPh 3 , AsPh 3 , P(OEt)j, PEt 2 Ph 
P(n-Bu) 3 

Red-brown 

Hexane, L = PPh 3 : 2080 m, 
2038 s, 2031 (sh), 2027 m, 
2017 m, 1986 w, br, 1966 
w, br, 1949 vw 

Moss, 'H, 13 C 

No 

31,133 

60 

FeC 02 (CO)XL) 2 S 

L = PPh 3 , P(n-Bu)a, PEt 2 Ph, 
CNC(CHa)a 

Dark green 
or red 

Hexane, L = CNC(CHa) s : 
2062 sh, 2054 m, 2027 sh, 
2020 vs, 2006 s, 1999 m, 
1984 m, 1948 m 

Moss, >H, ia C 

No 

31,126,133 

61 

FeCo 2 (CO)e(L)aS 

L = PPh 3 , P(n-Bu)a, CNC(CH,) S 

Red 

Hexane, L = CNC(CH s )a: 
2039 m, 2029 s, 2016 s, 
2002 vs, 1996 s, 1983 s, 
1970 m, 1931 m, 1864 vw, 
1831 w, 1823 w 

*H. “C 

No 

126,133 

62 

FeCo 2 H(CO)g(CR) 

R = CH 3 , C 2 H 5 , CeH, 

Maroon 

Hexane, R = CH 3 : 2101 m, 
2065 m, 2053 s, 2047 s, 
2037 s, 2018 m, 2014 m, 
1994 w, 1989 m 

UV-vis, Mass, 

>H 

No 

64 

63 

FeCoalCOWPhCjPh) 

— 

— 

Mass 

No 

53 

64 

FeRh^CpMCOh 

Green 

2054 s, 2002 s, 1989 s, 1980 
s, 1839 w, 1792 m 

'H, 13 C, Moss 

No 

86,102 
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TABLE I ( Continued ) 


No. 

Cluster 0 

Color 

I'm* 

Other available 
spectral data 0 

Crystal 

structure 

Refer- 

65 

FeNi^CpMCO), 

Green-black 

Hexane: 2050 vs, 2004 s, 

1983 s, 1823 vw, 1790 w, 
1762 m 

Moss 

Yes 

87,154 

66 

FeNij(Cp) 2 (CO)^PhC 2 R) 

R = H, Ph, C 2 Ph 

Black 

R = Ph: 2043, 1967 

>H 

No 

155 

67 

FePt^COJPCOPhJJa 

Orange 

Cyclohexane: 2032 sh, 2015 
s, 1952 m, 1918 m 

— 

Yes 

11,12,29 

68 

Fe 2 Ru(CO) I2 

Purple 

Cyclohexane: 2057 s, 2044 
vs, 2023 w (sh), 2004 m 
(br), 1859 vvw, 1834 vvw 

Mass, 13 C, UV- 

No 

161 

69 

FejRu(Cp)(CO)^PPhJ(C 2 Ph) 

Dark red 

2066 s, 2049 s, 2022 w, 2007 
sh, 1974 m (br), 1944 vs 

Mass 

No 

1.27 

70 

Fe 2 Os(CO), 2 

Purple 

Hexane: 2117 w, 2055 s, 

2041 s, 2036 s, 2013 m, 

2001 m, 1990 sh, 1860 
vw, 1827 vw 


No 

104,121 

71 

Fe 2 Co(Cp)(CO) 9 

Brown 

2080 s, 2033 s, 2013 s, 2001 
sh, 1981 m, 1848 w, 1812 

■H, 1S C, Moss 

No 

86,102 

72 

Fe 2 CoHj(CO) 8 CR 

R = H, CH 3 , C 3 H 5 , C 3 H 7 

Pink 

Hexane: 2101 m, 2054 vs, 
2047 vs, 2038 s, 2017 m, 
1988 m, 1985 m 

- 

No 

64 

73 

Fe 2 Rh(Cp)(CO), 

Green 

2079 s, 2037 s, 2032 sh, 

2015 s, 1999 s, 1982 sh, 

1844 w, 1803 m 

‘H, ,S C, Moss 

No 

86.102 

74 

Fe 2 Ni(Cp)(CO)7(CEt) 

Grey-violet 

Heptane: 2070 s, 2036 vs, 

2012 s, 1986 m, 1974 m, 
1954 raw 

'H, Moss 

No 

118 



75 

FeiNi(CpXCO)d(CjMe) 

Grey-violet 

Heptane 

: 2060s 

, 2020 vs. 

>H, Moss 

No 

118 




1990 s 

, 1982 s 

(sh), 1%8 




76 

Fe 2 Pt(CO)»L 

Deep red 

Cyclohe: 

xane,L 

= PPh 3 : 

*H 

Yes 

28.29,115 


L = PPh 3 , PMePh 2 , PMe 2 Ph, AsPh 3> 


2074 s 

, 2035 s 

, 2014 s. 





PMe 3 


2001 n 

J, 1985 : 

s, 1973 (sh). 







1924 v 

br 





77 

Fe 2 Pt(CO)„L 2 

Deep red 

Cyclohe: 

xane,L 

= PMe 2 Ph: 

*H 

No 

28.29,43 


L = PMePh 2 , PMe s Ph, P(OMe) 2 Ph, 


2051 s 

, 1998 s 

, 1971 m, 





P(OPh) 3 , dppe, diars 


1948 n 

it, 1892 

w, br 




78 

FeRuOsjHXCO),, 

Orange 

Hexane: 

2121 w 

, 2086 s, 1 

H, 1S C, UV-vis, 

No 

77,78 




2073 s 

, 2041 v 

s, 2032 m. 

Mass 






2024 r 

n, 2013 

w, 1993 m 







1882 w, 1870' 

w, 1855 m, 







1824 n 






79 

FeRujOsHjlCO),, 

Orange-red 

Hexane: 

2111 vx 

v, 2085 s. 

>H, UV-vis, 

No 

78 

I* 



2073 s 

, 2041 v 

s, 2026 m. 

Mass 






2016 w, 1991i 

m, 1887 w, 







1877 w, 1861 i 

m, 1849 m 




80 

LFeRujCcXCOu]- 

Red-brown 

CH,C1 2 : 

2072 W, 

2028 s. 

— 

No 

147 




2008 v 

-s, 1995 

s (sh), 1950 







m(sh) 

i, 1826 w (sh), 1795 







m, br 






81 

[FeRu 3 H(CO) 13 ]- 

Black 

CH 2 C1 2 : 

2073 w, 

, 2031 s, 

— 

Yes 

80 




2013 s 

, 1998 s 

, 1974 m. 







1944 r 

n, 1840 

w, 1811 m 




82 

FeRuaHXCO)^ 

Red 

Cyclohexane: 2112 vvw, 1 

'H, 15 C, UV-vis 

Yes 

77-79,101, 




2084 x 

f s, 2073 

vs, 2063 w. 



119,161 




2041 \ 

is, 2031 

m, 2021 w. 







1992 i 

n, 1884 

w, 1845 m 




83 

FeRujHXCOJ.jL 

Dark red 

Hexane, 

, L = PMe 2 Ph: 20% 

>H 

No 

82 


L = P(OMe) 3 , P(OEt) 2 Ph, PPh 3 , 


s, 2072 s, 2064 s, 2046 s. 





PMePh 2 , PEt 2 Ph, PMe 2 Ph, PMe„ P(i 


2034 (sh), 2028 s, 2020 s. 





Pr) 3 


2012 i 

n, 1990 

m, 1984 m. 







1876 x 

v, 1850 

m, 1806 m 




Continued 



No. 


Cluster" 


Color 


84 FeRuj(CO) 12 (RC 2 R') Brown, 

R,R' = Ph (2 isomers) red-brown 

R,R' = CH 3 (2 isomers) 

R = Ph, R' = CH S (3 isomers) 

85 FeRujH^COJ.j Orange 


86 FeOsaH^COJ.a Orange 


87 FeCo 3 H(CO)i2 Purple 

88 FeCo3H(CO)„L Purple 

L = PMePh 2 , PEt 3 , P(OPr) 3 , 

P(OPh) 3 , P(OMe) 3 , PPh 3 


89 FeCo 3 H(CO),oL 2 Blue-green 

L = PMePh 2 , PPh 3 , PEt 3 , P(OPh) 3 , 

P(OPr) 3 , P(OMe) 3 
L 2 = dppe 

90 FeCo 3 H(CO)„L 3 Green 

L = PMePh 2 , P(OMe) 3 
L 3 = 3/2 dppe 


E I ( Continued ) 


Other available Crystal 
spectral data" structure 


Refer- 


Hexane, R,R' = Ph, isomer ‘H, Mass Yes 74 

I: 2095 m, 2064 s, 2049 s, 

2036 s, 2024 m, 2016 m, 

1998 m, 1986 w, 1976 w, 

1962 vw 

Cyclohexane: 2085 s, 2070 s, ‘H No 107 

2054 s, 2044 vw, 2031 m 
(br), 2012 w, 1998 w, 1990 

Heptane: 2086 s, 2072 s, — No 121 

2040 vs, 2032 m, 2025 m, 

2015 w, 1994 w, 1875 w, 

1848 m 

Hexane: 2059 s, 2050 s, 2026 UV-vis, Mass, 13 C No 8.35,39,63, 
m, 1986 m, 1885 m 103,116 

Hexane, L = PMePh 2 : 2076 *H, Mass, Moss, No 8,54,89 

m, 2040 s, 2031 vs, 2008 ,3 C 

s, 19% m (sh), 1970 m, 

1935 vw, 1891 w, 1865 m, 

1846 m 

CHCI 3 , L = PMePh 2 : 2050 *H, Moss, ,a C No 8,54,89 

vs, 2017 vs, 1991 vs, 1951 
m (sh), 1866 w (sh), 1826 
m (br) 

Cyclohexane, L = Moss, la C Yes 8,54,89, 

P(OMe) 3 : 2040 s, 2009 m, 153 

1990 s, 1963 w, 1833 m, 

1821 m 



91 

FeCo 3 H(CO) 8 L 4 
' L = P(OMe) 3 

L 3 = dppe 

Purple 

Cyclohexane, L = 

P(OMe) 3 : 2043 w, 2022 w, 
2012 m, 1985 m (br), 1945 
m, 1827 w, 1816 m 

Mass, Moss 

No 

54,89 

92 

FeCo 3 H(CO)g(PhC 2 Ph) 2 

— 

_ 

_ 

No 

63 

93 

[FeCo^COJ- 

Purple 

CH3CN: 2066 w, 2008 s, 

1974 m, 1932 m, 1815 m 

- 

No 

39 

94 

[FeCo^CO) n L]- 
L = PPh 3 , PMePh 2 , P(OPr) 3 

Dark purple 

THF, L = PMePh 2 : 2007 s, 
1961 vs, 1941 s, 1934 s, 

1905 m (sh), 1815 vw, 

1773 m (br) 

‘H 

No 

53 

95 

[FeCo^COu/dppe)]' 

Dark purple 

THF: 2011 s, 1963 vs, 1944 
vs, 1895 m (sh), 1807 w, 

1774 m, 1749 m 

J H 

No 

53 

96 

[FeCo 3 (CO) 1 o(PhC 2 Ph)]- 

Black-violet 

THF: 2043 m, 1994 s, 1980 
s, (sh), 1973 s (sh), 1969 s 
(sh), 1935 m, 1850 w, 

1815 m 

>H 

No 

53 

97 

[Fe 2 RuCo(CO) 13 ]- 

Brown 

CHsC 1 2 : 2074 w, 2030 s, 

2008 vs, 1997 s (sh), 1950 
m (sh), 1826 w (sh), 1796 
m, br 


No 

147 

98 

Fe^UjHjlCOJ.a 

Red 

2105 vw, 2084 s, 2072 m, 
2066m, 2057 s, 2041 vs, 

2031 m, 2015 s, 2003 w, 

1979 m, 1888 w (br), 1860 
w (br) 


No 

78 

99 

Fe^CpMCO),, 

Purple 

2039 s, 2005 s, 1972 m, 1956 
m, 1935 m, 1849 w, 1788 w 

l H 

Yes 

49,51,102 


Continued 
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Index 




Other available 

Crystal 

Refer¬ 

No. 

Cluster 0 

Color 

"co* 

spectral data 0 

structure 

ences 

100 

Fe s Nij(Cp)j(CO)rfRC t R') - 

R = Ph: 2023, 1980 s, 1961 

*H 

Yes 

115 


R = Ph, R' = 
R,R' = Et 

H, Ph, C,Ph 





101 

[FeaCoCCO),,]- 

Black 

CHjCL: 2074 w, 2004 vs. 

— 

No 

40,147 




1971 m, 1930 m (sh), 1816 







m, br 




102 

FeaRhlCpJlCO), 

, Red 

2069 s, 2033 sh, 2025 s. 

*H 

Yes 

50,102 




1993 s, 1977 m, 1957 m, 

1945 sh, 1873 m, 1826 w 




103 

LFe,NiH(CO) ll ]- 

Green-brown 

2060 vw, 2020 m, 1990 s. 

■H 

No 

34,40.110 




1965 m, 1935 mw, 1875 
w, 1830 w, 1790 w 




104 

[Fe 3 Ni(CO) lt ]*- 

Brown 

THF: 2010 vw, 1955 ms. 

— 

No 

34.40,110 




1935 s, 1990 mw, 1810 w, 
1790 w 




105 

[Fe^dlCO),,]*- 

Brown 

THF: 1985 s, 1975 s, 1940 

— 

Yes 

110,111 




ms, 1920 (sh) 




106 

[F e< Pt(CO) lg ] ,_ 

Brown 

THF: 1987 s, 1972 s, 1965 

— 

Yes 

no.m 




(sh), 1935 ms, 1920 (sh) 




107 

Fe I Ir 1 Cu 4 (CO),(PPh3) I (C I R) g Violet 

CHC1>: 2048 s, 2008 s, 1982 

J H 

No 

2 


R = Ph, p-C»H 4 CH, 

s, 1970 s 




108 

[Fe»Pd»H(CO) 84 ] 

’ — 

- 

- 

Yes 

III 

Ruthenium (see also entrie 

s 24, 42, 45, 51, 55, 68, 69, 78-85, 97, and 98) 




109 

RuOs^CO),, 

Yellow 

CHC1,: 2066 vs, 2032 s. 

>H 

No 

70,80,96 




2014 w, 2004 w 




110 

RuPt,(CO) 5 L3 

Yellow 

Cyclohexane, L = PMe 2 Ph: 

*H 

No 

28,30 


L = PPh 3 , PMePh s , PMe 2 Ph, AsPh„ 

2024 s, 1964 (sh), 1952 s. 





P(OMe) s Ph 


1848 w, 1784 s 






111 RuPt2(CO) 4 [P(OMe) 2 Ph]4 Yellow 

112 Ru 2 Os(CO)u Yellow 

113 RujPt(CO)g(dppe) Red 

114 RujPtlCOMPMesPh), Yellow 

115 RuOs 2 CoH(CO), 3 Orange 

116 RuOs 2 H„(CO) 12 Yellow 

117 RuCo 3 H(CO) 12 Red 

118 Ru 2 OsCoH(CO), 2 Orange 

119 Ru 2 Os 2 H 4 (CO) 12 Yellow 

120 Ru 3 OsH 4 (CO) 12 Yellow 

121 [Ru 3 Co(CO),3r Red 


122 Ru 3 CoH(CO)is 


Red 


Cyclohexane: 1955 s, 1854 'H No 30 

w, 1801 s, 1780 s 

CHC1 3 : 2062 vs, 2020 s, 1S C, Mass No 70,80,96 

2013 w, 2004 w (sh) 

Cyclohexane: 2073 s, 2027 'H No 30 

s, 2001 sh, 1989 s, 1981 
sh, 1972 sh, 1963 sh 

Cyclohexane: 2022 s, 1956 ‘H No 28 

sh, 1944 s, 1853 w, 1816 
s, 1768 s 

Hexane: 2122 w, 2078 s, ‘H No 147 

2056 vs, 2035 ra, 2030 m, 

2018 w, 19% s, 1903 w, 

1858 m 

2081 s, 2063 s, 2022 s, 1994 — No 78 

Hexane: 2064 s, 2057 s. Mass No 116,161 

2023 m, 2015 sh, 1887 m 

Hexane: 2111 w, 2076 s, ‘H No 147 

2056 vs, 2034 m, 2028 m, 

2018 m, 1907 w, 1862 m 

2081 s, 2063 s, 2022 s, 1994 — No 78 


2081 s, 2063 s, 2022 s, 1994 — No 78 


CH 2 C1 2 : 2072 w, 2024 vs, 
1992 m, 1823 w (sh), 1794 

Hexane: 2109 w, 2088 w, 
2073 s, 2061 vs, 2054 vs, 
2034 m, 2024 m, 2017 m, 
1971 vw, 1909 w, 1865 m 


— Yes 147 

*H No 147 


Continued 
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Index Other available Crystal Refer- 

No. Cluster" Color v cn b spectral data' structure ences 


123 RuaCoHjlCO),, Red Hexane: 2111 w, 2088 s, 'H Yes 81 

2080 m, 2068 s, 2052 vs, 

2041 m, 2036 m, 2027 m, 

2012 w, 2002 w, 1878 w 
(br) 


B 


Osmium (see also entries 12, 13, 25, 26, 33, 34, 36, 37, 40, 41, 46-50, 53-54, 56, 70, 78, 79, 86, 109, 112, 115, 116, and 118-120) 


124 

OsCojICO),, 

Red 

Heptane: 2127 w, 2069 s, 

2049 vs, 2025 m, 1823 m 

- 

No 

121 

125 

OsPMCOJjLj 

L = PPh 3 , PMePhj 

Yellow 

Cyclohexane, L = PPh,: 

2022 s, 1943 s, 1847 w, 

1795 s, 1774 s 

>H 

No 

28,30 

126 

Os 2 Pt(CO)j(PMe 2 Ph)j 

Orange 

Cyclohexane: 2018 s, 1944 
m, 1848 w, 1820 ra, 1756 

>H 

No 

28,30 


127 OsCo s H(CO)„ 

128 Os 2 CojHs(CO)ii 

129 Os 2 I’tjH ! (CO) g (PPha) 2 

130 Os 3 CoHj(CO) 12 


Red Hexane: 2064 s, 2056 s, Mass 

2018 m, 1890 m 

Orange Hexane: 2112 w, 2081 s, — 

2078 s, 2057 vs, 2046 s, 

2028 m, 2015 m 

— Cyclohexane: 2059 s, 2031 ‘H, S, P 

vs, 2011 w, 1981 s, 1963 
w, 1943 m 

Pale yellow Cyclohexane: 2076 vs, 2066 'H, 15 C 

ms, 2049 w, 2030 vs, 2025 
vs, 2012 w, 2005 s, 2000 
sh, 1982 w 


No 103 

No 121 

Yes 30,67 

Yes 23 



131 

OsaRhHjlCO) ,o(acac) 

Black 

— 

>H 

No 

67 

132 

Os 3 NiH 2 (CO)i 0 (PPhj) 2 

Orange 

2073 s, 2065 m, 2037 vs, 

2015 s, 1999 s, 1985 m 
(sh), 1973 m, 1959 w (sh), 
1855 m, 1821 m 

>H, 3l P 

No 

67 

133 

OsjPtHjCCOMPPhaJL 

L = PPh 3 , AsPh 3 

— 


*H, 3, P 

Yes 

67 

134 

OsaPtH^COJulPPh,) 

— 


ji P 

No 

67 

135 

Os 3 PtH 2 (CO) 1() L 

L= PPh 3 , PCy 3 

Dark green 

Cyclohexane, L = PPh 3 : 

2079 m, 2053 sh, 2045 s, 
2029 vw, 2019 s, 1989 s, 
1975 m, 1963 w, 1947 w 

■H 

Yes 

67 

136 

Os s AuX(CO) 10 L 

L = PPh 3 , X = Cl, Br, I, SCN 

L = P(C«H 4 Me) 3 , X = Cl 

Red 

Cyclohexane, L = PPh 3 , X 
= Cl: 20% m, 2045 vs, 

2016 s, 2009 s, 1990 sh, 

1983 m, 1976 w (sh), 1%5 

Raman, Mass 

Yes 

24 

137 

Os 3 AuH(CO)io(PPh 3 ) 

Green 

_ 

■H 

No 

67 

138 

Os 3 Auj(CO) I() (PPhj) 2 S 2 

Orange 

Cyclohexane: 2060 m, 2032 
s, 2020 s, 1988 sh, 1973 
m, 1955 s 


No 

24 


Cobalt (see also entries 1-3, 8, 14, 27, 57-63, 71, 72, 80, 87-97, 101, 115, 117, 118, 121-124, 127, 128, and 130) 

139 CoNi^CpMCOj — 1723 — Yes 157 

140 Co 2 Pt(CO) 7 L 2 Red-brown KBr: 2049 s, 2010 s, 1975 — No 59 

L 2 = dppe, dpae vs, 1970 sh, 1729 s 

141 Co 2 Rh 2 (CO)i 2 Brown Pentane: 2074 w, 2064 s, UV No 113 

2059 s, 2038 m, 2030 m, 

1920 w, 1910 sh, 1885 s, 

1871 s, 1855 w 


Continued 



TABLE I ( Continued) 


Index 

No. 

Cluster 0 

Color 

«Vo* 

Other available 
spectral data 0 

Crystal 

structure 

Refer¬ 

ences 

142 

Co^COMPF^ 

Deep brown 

Pentane: 2104 vw, 2096 s, 
2078 sh, 2070 vs, 2062 sh, 
2047 s, 1924 w, 1889 s, 

1878 s, 1863 sh 

“F, 31 P 

No 

65 

143 

Co 2 Rh^CO)j(PF3) 4 

Deep brown 

Pentane: 2070 vs, 2062 vw 
(sh), 2045 s, 2035 vw 
(sh), 1922 m, 1887 s, 1874 s 

“F, 31 P 

No 

65 

144 

CojIr/CO),, 

Dark red 

Pentane: 2072 s, 2061 s, 

2055 s. 2036 m, 2033 m, 
2030 m, 1885 w, 1867 sh, 
1865 s 

UV, Mass 

Yes 

14,113 

145 

Co t Ir^CO).(PF 1 ) 4 

Dark brown 

Pentane: 2090 w (sh), 2075 
s (sh), 2068 s, 2044 m, 

2035 (sh), 2018 m, 1872 s 
(br), 1865 s (br) 


No 

65 

146 

CojPt^CO) 8 L 2 

L = PPh,, PEt 3 

Red 

Toluene, L = PPh 3 : 2061 s, 
2034 vs, 2018 sh, 1992 s, 
1937 m, 1871 m, 1825 s, 
1820 s 


Yes 

20,26.71 

147 

CojRh(CO),j 

Brown 

Pentane: 2066 m, 2059 s, 

2056 sh, 2037 m, 2031 m, 
1909 w, 1882 s, 1856 s 

UV, Mass, 13 C 

No 

97,113 

148 

[CoaNKCO),,]- 

Brown 

THF: 2050 vw, 2000 vs, 

1960 m, 1950 sh, 1865 m, 
1845 m, 1740 m 


No 

38 

149 

Co 3 Ni(CpKCO) 8 (CNR) 

R = Me, r-Bu 


Hexane, R = Me: 2065 w, 
2057 m, 2029 w, 2013 s, 
2006 s, 1845 m, 1838 m, 
1830 sh 


No 

126 



150 

CojNHCpXCO), 

Green 

Hexane: 2082 s, 2043 vs, 

>H 

No 

87 




2025 vs, 2013 m, 1850 s 




151 

Co^CO^PEUs 

Dark violet 

2016 s, 1988 sh, 1980 s. 

— 

Yes 

20 




1848 w, 1860 w, 1825 s, 

1807 s, 1761 m 




152 

Co 2 Rh<(CO) 16 

— 

— 

— 

No 

113,150 

153 

[C 0l Rh/CO) 15 C]»- 

— 

— 

— 

No 

10 

154 

[Co.NiXCO.J 1 - 

Dark red 

THF: 2020 w, 1990 sh, 1977 

— 

Yes 

13,38 




s, 1958 s, 1790 m, 1749 sh 




Rhodium 

(see also entries 64, 73, 99, 102, 131, 

141-143, 147, 152, 

and 153) 




155 

Rh 2 Ir,(CO) 12 

Orange 

Pentane: 2071 s, 2042 m, 

UV, Mass 

No 

113 




2034 m, 2022 w, 1923 w, 

1887 s, 1867 s, 1855 w 




156 

RhjCu/PPh 2 R)2(C 2 Ar) a 

Violet 

— 

1R, ‘H 

No 

2 


R = Me, Ph; 






8 

Ar = Ph, p-C«H4Me, p-CJlf 






157 

RhJrtCO),* 

Orange 

Heptane: 2073 m, 2070 s. 

UV, Mass 

No 

113 




2042 s, 2034 w, 2021 m, 

1887 s, 1868 m 




158 

[RhJMCOJ.J 1 - 

Yellow-brown 

THF: 2000 s, 1956 s, 1810 

u»Pt 

Yes 

34,75 




m, 1790 m, 1735 w 




159 

[Rh5Pt(CO) 15 ]- 

Brown 

THF: 2082 vw, 2038 s, 2011 

u*Pt 

Yes 

75 




m, 1791 ms 




Iridium (see also entries 107, 144, 145, 155 and 157) 





160 

IrCu^PI > h 3 )^C 2 Ph) 2 

Buff 

— 

IR 

No 

2 

161 

IrjCu/PPhjRJXC^), 

Purple 

— 

*H 

Yes 

2.3,45 


R = Me; Ar = Ph, CsF, 

R = Ph; Ar = Ph.p-CeH^e, 
p-CeH^ 






Continued 
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Index Other available Crystal Refer- 

No. Cluster" Color v co b spectral data" structure i ences 


Nickel (see entries 9, 16, 19, 21, 29, 35, 65, 66, 74, 75, 100, 103, 104, 132, 139, 148-150, and 154) 

Palladium (see entries 17, 22, 105, and 108) 

Platinum (see entries 6, 11, 18, 20, 23, 43, 67, 76, 77, 106, 110, 111, 113, 114, 125, 126, 129, 133-135, 140, 146, 151, 158, and 159) 

Copper (see entries 107, 156, 160, and 161) 

Gold (see entries 44 and 136-138) 

* Cp = t)*-C s H 5 ; dppe = Ph t PCH,CH,PPh,; diars = oKAsPh^QH,; acac = CH,C(0)CHC(0)CH s ; dpae = Ph 2 AsCH,CH,AsPh t ; Ph 
= C„H 3 ; Bu = C«H«; Cy = OH,,; Me = CH 3 ; Et = C 2 H 5 ; Pr = CjHj. * THF = tetrahydrofuran. * Mass = mass spectral data; Moss 
= Mossbauer data; IR = infrared data other than v C oi UV-vis = electronic absorption spectral data; ‘H = ‘H NMR data; S1 P = S1 P NMR 
data; ‘*C = “C NMR data; **F = I8 F NMR data; 1K Pt = ,M Pt NMR data; Raman = Raman spectral data. 



Mixed-Metal Clusters 


227 


to coordinatively unsaturated compounds, (3) redox condensations, and 
(4) reaction of carbonylmetalates with metal halides. Each of these re¬ 
action types will be discussed, and several examples are given in each 
case. These are followed by sections on miscellaneous synthetic reactions 
and possible synthetic strategies for future syntheses of mixed-metal 
clusters. 


A. Pyrolysis Reactions 

Pyrolysis reactions generally involve heating together two or more 
stable compounds of different metals, presumably to give fragments that 
then combine to yield the mixed-metal clusters. The amount of heat 
necessary to drive these reactions varies considerably, but in some cases 
simply stirring the reactants at ambient temperature is sufficient. These 
reactions are not generally adaptable to designed synthesis. They usually 
yield a variety of products that must be separated by chromatography, 
to give moderate to very low yields of the mixed-metal clusters. 


1. Pyrolysis of Two Monomeric Species 

Relatively few clusters have been prepared by the pyrolysis of two 
monomeric compounds, and only two examples are given. Stone and co- 
workers (28, 30) allowed H 2 Os(CO) 4 to react with several Pt(0) com¬ 
plexes, and, although most of the reactions involved an unsaturated 
starting complex and will accordingly be discussed in Section II,B, 
OsjjPUCOMPPhzMela resulted from the reaction shown in Eq. (1). 

H t Os(CO)« + Pt(PPh 2 Me) 4 Os,Pt(CO) 7 (PPh 2 Me) 3 (1.3%) (1) 

Meyer and McCarley (117) prepared Ta 4 Mo 2 and Ta 5 Mo clusters by 
the pyrolysis of TaCl 5 with MoC 1 5 according to the stoichiometries shown 
in Eqs. (2) and (3). 

5TaCl s + MoC1 5 + 5A1 Ta 5 MoCl 15 + 5A1CI, (2) 

40% NaCI 

12TaClj + 6MoC1 5 + 14A1 3Ta 4 Mo 2 Cl„ + 14AIC1, (3) 

50% NaC* 

Processing afforded salts of the anions [(Ta 4 Mo 2 Cl 12 )Cl 6 ] 2_ and 
t(Ta 5 MoCl, 2 )C1«] Z— * 3— , and these were fully characterized. Although nio¬ 
bium and tantalum had been reported (135) to form mixed-metal cluster 
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compounds of the type Ta 6 - x Nb x Br 14 , discrete species were not isolated 
and the work of Meyer and McCarley thus represents the first successful 
characterization of mixed-metal halide clusters. 


2. Pyrolysis of Metal Carbonyl Dimers 

Metal carbonyl dimers have proved to be useful reagents for the syn¬ 
thesis of mixed-metal clusters. This is particularly true for Fe and Co 
clusters since Fe 2 (CO) 9 and Co 2 (CO) 8 are readily available starting ma¬ 
terials. The prediction of the reaction products is usually fruitless. How¬ 
ever, examination of the available data indicates that the initial dimeric 
unit is preserved in approximately half of the reactions. Typical examples 
are illustrated in Eqs. (4-6) (102), (7) (28), and (8-10) (121). 

Fej(CO)» + Co(Cp)(CO), ,^^‘1 * Fe,Co(Cp)(CO),(moderate yield) (4) 

Fe,(CO), + Rh(CpXCO), . Fe,Rh(Cp(CO),(low yield) (5) 

Fe,(CO), + Rh(Cp)(CO), FeRh^Cp)^CO). (trace) + 

Fe,Rh(Cp)(CO)„ (trace) + 

Fe,Rh a (CpMCO), (very tow yield) (6) 

Fe,(CO)» + Pt(L) 4 Fe»Pt(CO)»L, (low yield) (7) 

Fej(CO)» + H,Os(CO) 4 > Fe,Os(CO) u (70%) + H,FeOs,(CO) u (6%) (8) 

FerfCO), + HjOSj(CO) a ■■ > FeOsrfCO),, (20%) (9) 

Co^CO),+ H 4 Os(CO) 4 -^^CoOs^CO)„(20%) + HjCofis^CO) a (lO%) (10) 

The first mixed-metal cluster HFeCo 3 (CO), 2 was synthesized by Chini 
and co-workers in 1959 by using a two-step reaction of this type (35). 

2Fe(CO) a + jCo a (CO) 8 *■ ■> [ColacetoneJJtFeCojICOJ.j], + I4CO 

*" 6 ( 11 ) 

H.O/H* 

-» 2HFeCo s (CO) 1 , (90%) 

This particular reaction may proceed via the initial disproportionation of 
Co 2 (CO) g to give [ColCOJJ - which then undergoes redox condensation 
with Fe(CO) 5 . 

The preferred preparative method for FeCo 2 (CO)„S (1) is condensation 
of the dimers Fe 2 (CO)„S 2 and Co 2 (CO) 8 , Eq. (12) (99). 
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<CO),F^-P£o(CO) a 

\o(CO), 


Fej(CO)«Si + Co,(CO)» > FeCos(CO)»S (56%) (12) 

Interestingly, this cluster was initially discovered by careful analysis of 
the products from a hydroformylation reaction of thiophene using 
Co 2 (CO) 8 as the catalyst in a steel bomb (99). The sulfur was apparently 
abstracted from thiophene, and the iron apparently came from the reac¬ 
tion vessel. 


3. Pyrolysis of Metal Carbonyl Clusters 

The pyrolysis of clusters in the presence of monomers, dimers, or 
other clusters usually requires much more severe reaction conditions 
than those previously discussed. Common starting materials such as 
Ru 3 (CO) 12 and Os 3 (CO) 12 are themselves quite stable compounds. The 
reaction of Ru 3 (CO) 12 with a variety of compounds has yielded many 
mixed-metal clusters, as illustrated by Eqs. (13) (101, 161), (14) (96), (15) 
(30), (16) (28), (17) (28, 30), and (18) (30). 

Ruj(CO)„ + Fe(CO), n<K,u \ Fe,Ru(CO)„ + FeRu^CO),, + HjFeRusfCOJu (13) 
Ru,(CO) u + Osj(CO)ii Ru,Os(CO) lt + RuOs^CO),, (14) 

Ru,(CO),. + Pt(dppe)» Rut Pt(CO)«(dppe) (21%) (15) 

Rua(CO)ii + Pt(PMe»Ph) 4 —►Ru 1 Pt(CO) I (PMe 1 Ph)j (16) 

Ru,(CO) u + Pt(PPhj), RuPt,(CO),(PPh,), (20%) (17) 

Ru,(CO)„ + Pt[PPh(OMe)th - ^;°j° y l >RuPt^CO),lPPh(OMe),1, (27%) (18) 

The higher temperature and longer reaction time for Eq. (14) compared 
to Eq. (13) reflects the greater difficulty of breaking Os 3 (CO) 12 into frag¬ 
ments. 

The reactions of various platinum derivatives with Ru 3 (CO) 12 , Eqs. 
(15)—(18), were explored by Stone and co-workers (28, 30). As seen by 
comparison of Eqs. (14)—(18), the exact product that resulted was very 
dependent on the particular platinum complex employed. All of the re¬ 
actions involved phosphine transfer from platinum to ruthenium during 
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the course of the reaction. X-Ray structural analysis of RuPt 2 
(CO) 5 (PPh 2 Me) 3 (2) shows that this cluster has the ruthenium-bound phos¬ 
phine located in an axial position, unlike the other substituted triangular 
clusters which possess the substituted ligand in an equatorial position 
( 120 ). 


PPhjMe 

Ph^VteP V-p^-co 
OC—Rvu^---pPt-PPhjMe 


B. Addition of Coordinatively Unsaturated Species 

This synthetic method has only recently become important. It is closely 
related to the pyrolysis technique, as coordinatively unsaturated species 
are presumably formed during pyrolysis by dissociation of ligands or 
cleavage of metal-metal bonds. These coordinatively unsaturated species 
are apparently the key intermediates that condense to give the cluster 
products. The addition of a metal nucleophile to a preformed coordina¬ 
tively unsaturated compound occurs, in general, under much milder con¬ 
ditions, and these reactions appear quite adaptable to design. They also 
normally give much higher yields of the cluster products than do the 
pyrolysis reactions. 

H 2 Os 3 (CO) 10 , whose structure is shown in 3, has been extensively 
used by Stone and co-workers (67, 68) in synthesizing mixed-metal 
clusters that contain the Os 3 framework. Several of these reactions, 
including the adaptation with Co 4 (CO)i 2 of Johnson et al. (23), are 
summarized in Scheme 1. X-Ray structural analyses demonstrated 
that Os 3 PtH 2 (CO) 10 (PCy 3 ) (67) and Os 3 CoH 3 (CO)i 2 (23) have tetrahedral 
structures. 


(3) 

Stone and co-workers (68) also employed the unsaturated dimer 
H 2 Re 2 (CO) 8 , 4 (22), to prepare the clusters Re 2 PtH 2 (CO) 9 (PPh 3 ) and 
Re 2 AuH(CO) 9 (PPh 3 ), Eqs. (19) and (20). 
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Os a PtH,(CO) 10 (PCy j) 



(CO) 4 Re=Re(CO) 4 

(4) 

H s Rej(CO) 8 + Pt(C 2 H 4 ) 2 (PPh 3 ) - RejPtH^COMPPhj) (19) 

H 2 Rej(CO) 8 + Au(CHa)(PPh a ) - RejAuHtCO^PPha) (20) 

The reaction of nucleophilic Pt(0), Pd(0), and Ni(0) complexes with 
unsaturated metal-metal bonds has been extended by Stone and co- 
workers (18, 19) to include carbene and carbyne derivatives, Eqs. (21) 
(18) and (22) (19). 

W]C(OMe)Ph](CO) 6 + Pt(C 2 H 4 ) 2 {PMe)f—Bu) 2 } — 

WP^Im—C(OM e)PhKCO)g{PMe(f—BuJjk (50%) (21) 



W(C—C 6 H 4 Me)(Cp)(CO) 2 + Pt(C I H 4 ) 3 -► W 2 Pt(C-C 8 H 4 Me) 2 (Cp) 2 (CO) 4 (22) 

It should be noted that the carbene ligand migrated from W to a position 
bridging the Pt—Pt bond during the course of reaction (21). On the basis 
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of these various synthetic studies, Stone et al. (19) proposed a formal 
analogy between the addition of metal nucleophiles to olefins, metal 
carbenes, and doubly bonded metal-metal compounds and a similar anal¬ 
ogy between the addition of metal nucleophiles to alkynes, metal carbynes, 
and triply bonded metal-metal compounds (see Scheme 2). 

Mixed-metal clusters have also been prepared by the reaction of co- 
ordinatively unsaturated monomeric Pt(0) complexes with H 2 Os(CO) 4 , 
Eqs. (23) (28) and (24) (67). 

H,Os(CO) 4 + Pt(C,H 4 )(PPh 3 ), ^ Me ” h > OsPtjfCOJstPPhjJa (11%) (23) 

HjOs(CO) 4 + PtfCjH^j L -* Os > Pt 1 H i (CO) 8 L| (24) 

Shapley and co-workers (144) studied the addition of metal hydride 
complexes to ‘‘lightly stabilized" metal clusters such as OsatCO)^ 
(NCCH 3 ) 2 and Os 3 (CO) 10 (COT) 2 . The acetonitrile and cyclooctene ligands 
are readily displaced, to give an unsaturated species that then appears to 
add the metal hydride oxidatively. Me 3 NO has also been used to oxidize 
and remove one of the carbonyls of Os 3 (CO) 12 , to generate a similar 
coordinatively unsaturated species. Owing to the relatively mild condi¬ 
tions that are used in these reactions, the initial products do not react 
further and hence give an interesting series of open clusters in high yields, 
Eqs. (25) and (26). 

Os 3 (CO) 12 + Me 3 N02H 2 0 -7^- ••Os 3 (CO), 1 (CH 3 CN)” 

HRHCO), 

- n3 ,nr > ReQS » H(CO )'» (50% ) ( 25 ) 

OsjtCOMNCCH,), + excess HRe(CO) s > RejOsaHjtCO)*, (90%) (26) 

(6) 



Reproduced with permission from Shapley et al. (144). Copyright by the American 
Chemical Society. 
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+ [Pt]- 

1 + w 

+ [pt] — ^l> 

l + [«l 

+ m ^ 

I* "1 


Scheme 2 


fl> 

O'' 


C\ 


I> 


Similar reactions employing WH(Cp)(CO) 3 yielded closed tetranuclear 
clusters, Eq. (27) (48). 

OsrfCOUNCCHa), +excess WH(Cp)(CO) s —>WOs a H(Cp)(CO),,(30%) 

+ WO Ss H /Cp)(CO) „ (10%) (27) 


C. Redox Condensations 

The reaction of a carbonylmetalate with a neutral metal carbonyl has 
been labeled a "redox condensation” by Chini et al. (40, 41) and has 
been as widely used as a pyrolysis reaction for synthesizing mixed-metal 
clusters. Carbonylmetalates usually react rapidly with most neutral car¬ 
bonyls, even under very mild conditions. A large number of mixed-metal 
hydride clusters have been formed via this type of reaction, primarily 
because the initial products are anionic clusters that in many cases may 
be protonated to yield the neutral hydride derivative. 

The reaction of carbonylmetalates with monomeric and dimeric car¬ 
bonyls has yielded many mixed-metal clusters, as illustrated by the re¬ 
actions shown in Eqs. (28) (15), (29) (87), (30 (88), and (31) (88). 


[Mn(CO) 5 ]- + Fe(CO), 

[MnFe^CO),*]' 

(28) 

[Mn(CO) 5 ]- + Ni^Cp^CO),—> 

[MnNi 2 (Cp) 1! (CO) 1 J-(65%) 

(29) 



(30) 

t THp . * 

Lmo2rc2i,^-PM'-'' J /io /c ) 

[WCp(CO) 3 ]- + Fej(CO), > 

[W 2 Fe 2 (Cp) 2 (CO) 1 o] i, -(69%) 

(31) 


A series of trigonal bipyramidal clusters of the general formula 
[M 2 Ni 3 (CO) 16 ]* _ (M = Cr, Mo, W) were prepared by Dahl and co-workers 
(134) via the reaction shown in Eq. (32). 
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[Mj(CO),<J J_ + Ni(CO), - A ‘ t ' h , f ' 1 -» [MjNij(CO) I6 ]*- (30-70%) (32) 

(M = Cr, Mo, W) (7) 


M(CO), 

oc. //o\ 



M (CO), 


(7) 


The reaction of carbonylmetalates with trinuclear clusters provides, in 
many cases, a convenient synthesis of tetranuclear clusters. This reaction 
was first explored by Knight and Mays (105, 106), who allowed 
[Mn(CO) 5 ]“ and [Re(CO) 5 ]~ to react with trimeric clusters of the iron 
triad. A summary of the products that they obtained on using Os 3 (CO) 12 
as the starting trimer is shown in Scheme 3. Of particular mechanistic 


Mn(CO),- 


A, 5 min, diglyme 


Mn(CO),~ 

1. A, 65 h, THF 

2. H + 


He(CO)," 

1. A, 20 h, THF 

2. H + 


Re (CO),' 

1. A, 10 min, THF 

2. H + 


Re(CO),- 


A, 5 min, diglyme 


MnOB,(CO)„" ———► MnOs^(CO),, 

other anions —-—»- MnOs,H(CO), B 


MnOs^CO),, 


ReOs^i s (CO) 13 


ReOsjH(CO) 15 


ReOa,(CO),r- 


ReOSjH(CO) la 


_ other anions- 

Scheme 3 


-ReOSjH(CO) 16 + ReOs,H s (CO) ls 
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interest are the tetranuclear clusters that were formed. As indicated in 
Scheme 3, the carbon monoxide: metal ratio in the tetranuclear products 
decreased as the rigor of the reaction conditions increased. It is reason¬ 
able to assume that this also corresponds to an increase in the number 
of metal-metal bonds. It was suggested that the clusters ReOs 3 H(CO) 16 
and ReOs 3 H(CO) 15 are intermediates along the reaction path to the final 
tetrahedral cluster ReOs 3 H 3 (CO) I3 . Unfortunately, only the crystal struc¬ 
ture of ReOs 3 H(CO), s (8), has been reported (47), but it was suggested 
that ReOs 3 H(CO) 16 and ReOssHICO)^ have structures 9 and 10, respec¬ 
tively (106). 



o 


( 8 ) 


Re(CO) s 

lafCO), 


RefCO), 

'ps(CO), 


i 


o 

(10) 


The reaction of [Fe(CO)J 2 and [Co(CO)J with metal carbonyl trimers 
has also been shown to be useful for the preparation of mixed-metal 
clusters, Eqs. (33) (78) and (34) (147). 

Ru 3 (CO) lt + [Fe(CO) 4 r- H,FeRu^CO) ls (50%) (33) 

Ru 3 (CO) 1s + [Co(CO)J- —* HCoRu,(CO) 13 (60%) (34) 

The 50% yield of H 2 FeRu 3 (CO) 13 from Eq. (33) constitutes a significant 
improvement over previous pyrolysis methods (101, 161). These partic¬ 
ular reactions can be scaled up, to produce several grams of the clusters 
in a single reaction, and consequently these mixed-metal clusters are 
readily available for reactivity studies. Clusters that contain three differ- 
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ent metals within the cluster framework were prepared by similar reac¬ 
tions, Eqs. (35) (78) and (36)—(38) (147). 

RufiScO)”} + l Fe ( c °)«]’~ -T5F* H,FeRu,Os(CO)„ (36%) + 


HjFeRuOs j(CO) la (74%) 

(35) 


RuSJcO)"} + IC^COJJ- HCoR Uj Os(CO)ia(35%) + 



HCoRuOsj(CO) ls (25%) 

(36) 


Fe,Ru(CO) 12 + LCo(CO) 4 ]- [CoFe 2 Ru(CO) 13 ]- 

(37) 


FeRuj(CO) 12 + LCo(CO) 4 ]- LCoFeRu,(CO) ia ]- 

(38) 


D. Reaction of Carbonylmetalates with Metal Halides 

Carbonylmetalates will displace a halide from a metal halide complex 
to yield a metal-metal bonded species, Eq. (39). With di- and polyhalide 
IM(CO),]*- + Cl—ML, -* Cl" + (CO),M—ML, (39) 

complexes or with dimeric carbonylmetalates, cluster compounds can 
result. The configuration of the metal-metal bonded product is very 
dependent upon the nature of the starting complex. For example, reaction 
of /rans-PtCl 2 (pyridine) 2 with [CofCO)*] - gives a linear Co—Pt—Co spe¬ 
cies, Eq. (40) (25, 128), whereas a Co 2 Pt cluster results from the reaction 
of PtCl 2 (dppe) with [CofCOU - , Eq. (41) (59). However, reaction of cis- 
PtCI 2 (PEt 3 ) 2 with [Co(CO) 4 ] - leads to the formation of the tetra- and 
pentanuclear products shown in Eq. (42) (20). 

NC,H. 

I 

rranj-PtCWpyridine), + [Co(CO)J- -♦ (CO) 4 Co— Pt— C<XCO) 4 (40) 

I 

NC.H, 


PtCl,(dppe) + [Co(CO) 4 ] 


m-PtCUPEta), + [Co(CO) 4 ]- Pt 2 Co 2 (CO)^PEt 3 ) 2 + Pt 3 Co 2 (CO)^PEt s ) 3 (42) 


H,C. 


C^O), 

•\U:° 


do 
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(ii) 

Further examples of this synthetic technique are shown in Eqs. (43) (26), 
(44) (137), (45) (43), and (46) (103). 

[Mo(Cp)(CO)a]~ + PtCI^PPh,)* Mo.PWCpWCOWPPhJ, (15%) (43) 

[Coj(CO)io]“ + MCI(Cp)(CO)j -* rC ^ 0 *" > MCo 3 (Cp)(CO)„ (low yield) (44) 

(M = Mo, W) 

[Fe^CO),] 8 - + PtC^PPh,), FejPKCOrfPPhj) (16%) (45) 

[Co(CO) J- + OsCI,*- HOsCorfCO) 12 (low yield) (46) 

The last of these reactions illustrates the use of a pure metal halide 
complex as a reagent in syntheses of this type. 


E. Other Methods 

Many metal clusters have been prepared by reactions that do not fall 
into any of the above categories. Space does not permit a discussion of 
all of these, but we shall illustrate a few by examples. Somewhat sur¬ 
prisingly, photochemical techniques have only been used to produce two 
mixed-metal clusters, and these were prepared by Sheline and co-workers 
(66, 109) by photolysis of mixtures of M 2 (CO) 10 (M = Tc, Re) and 
Fe(CO) 5 , Eqs. (47) (66) and (48) (109). 


Re 2 (CO) 1 o+ Fe(CO) s -^ r »[ReFe ! (CO) 1 d- 

(47) 

Tca(CO)i 0 + Fe(CO) 5 ^ > [TcFe^CO) I2 ] - 

(48) 


The yield of the anionic clusters was reduced when the photochemical 
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reactions were conducted in hydrocarbon solutions, and in these cases 
linear triatomic M 2 Fe(CO) u species were isolated. 

Chini et al. synthesized a series of mixed-metal clusters that contain 
various combinations of the metals within the cobalt triad (113). The 


reactions shown in Eqs. (49)—(53) are illustrative. 

RhCl a -3H,0 + [CotCOtJ- —CojRh(CO) „ (70-80%) (49) 

Coj(CO), + [RhCl(CO)J, > Co.RhrfCO) (80-90%) (50) 

[Co(CO)J- + [IrlrfCO)]*- Cojlrj(CO)„( 70-80%) (51) 

LRh(CO)J- + [IrUCO)]*- HiU C q ° f|i|y > RhjIrlCO),,(10%) (52) 

[Ir(CO)J- + [RhCIjtCO),]- Rh 1 IrrfCO)„(60%) (53) 


Although these reactions could be classified as the addition of a carbon- 
ylmetalate to a metal halide complex, they do not appear to entail simple 
addition and, instead, are relatively complex. 

Chini and co-workers (75) also prepared [Rh 5 Pt(CO) l5 ] _ (12; from Ref. 
75) by the scrambling of the two anionic clusters shown in Eq. (54). 

[PWCOljJ 2 - + 5[Rh u (CO)j*]*~ **'1°^"'"' > l2[Rh 5 Pt(CO),J- (54) 

(12) 



It is surprising that only one product resulted from this reaction, but 
[RhsPt(CO) 15 ] _ must be particularly stable as it is also formed from the 
metal halide salts, Eq. (55) (75). 


5RhClj-3H^O + [PtClJ*- + 20H- + 25CO 


* [Rh^COM- 

+ 10CO, + 21CI- + IOHjO (55) 
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NMR studies showed that [RhsPt(CO) 15 ]~ maintains its integrity in solu¬ 
tion, but it does react with carbon monoxide in the presence of OH“ or 
reductants to form [Rh 4 Pt(CO) H ] 2_ (34, 75). 

Bruce and co-workers (2, 5) prepared several mixed-metal clusters that 
contain copper. Unlike most of the compounds discussed in this review, 
these particular mixed-metal clusters possess acetylides as ligands instead 
of carbon monoxide. IrjCu^PPh^CsPh),, (13) (3, 45) results from the 
reaction shown in Eq. (56). 

IrCKCOHPPhJ* + [Cu(C 2 Ph)J„ —- ” h > IrjCu^PPhjWCjPh), (61%) (56) 

(13) 



Also isolated from reaction (56) was a small amount (4%) of a complex 
which analyzed for IrCu 3 (PPh 3 ) 3 (C 2 Ph) 2 but whose structure has not yet 
been reported. The analogous Rh 2 Cu 4 (PPh 3 ) 2 (C 2 Ph) 8 cluster was prepared 
by a similar procedure. Ir 2 Cu 4 (PPh 3 ) 2 (C 2 Ph) 8 reacts with Fe 2 (CO) 9 to yield 
purple crystals of Fe 2 Ir 2 Cu 4 (PPh 3 ) 2 (C 2 Ph) 8 (2). Spectral evidence indicates 
that the Ir 2 Cu 4 core is unchanged in the product and that the iron atoms 
are simply abound to the acetylide ligands. A somewhat similar reaction 
was used to prepare Fe 2 Ru(Cp)(CO)e(PPh 3 ) 2 (C 2 Ph), except that in this 
case the iron atoms are part of the triangular framework of the cluster, 
Eq. (57) (/, 27). 

Ru(Cp)(PPh 3 )^C=CPh) + Fe,(CO)»—Fe t Ru(Cp)(CO) 4 (PPh 3 )(C > Ph) (57) 

I 

CuCI 


F. Synthetic Strategies 

Although serendipity still plays an important role in the successful 
synthesis of a desired cluster, sufficient precedented reactions now exist 
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to allow derivation of an initial synthetic strategy; this is especially true 
for triangular and tetranuclear clusters, and may even extend to larger 
clusters. In this section we have summarized several reactions that may 
be adaptable to design. 

It appears that the most logical way to synthesize any desired triangular 
or tetranuclear cluster is to begin with monomeric complexes and build 
the desired cluster by adding one metal at a time. As outlined in Scheme 
4, we suggest that to prepare a desired tetrahedral cluster, the reaction 
should start by allowing two monomeric organometallic complexes to 
react, to yield a metal-metal dimer. This in turn could react with another 
monomeric complex, to produce a triangular cluster that could then be 
capped by the addition of a fourth monomeric complex. 

The first step in this synthetic approach is to form a metal-metal dimer. 
Numerous organometallic dimers have been prepared, and examples of 
the reaction types that appear most useful are tabulated here [Eqs. (58) 
(160), (59) (/6), (60) (131), (61) (61), and (62) (122).]. 

Reaction of a metal halide complex with a carbonylmetalate 

[MnCO)J- + ReCKCO), - MnRe(CO) 10 (58) 

Reaction of a neutral carbonyl with a carbonylmetalate 

[Mn(CO)J- + CrtCO), " [CrMn(CO) 10 ]- + CO (59) 

Coupling of metal hydride and metal alkyl complexes 

ZrtCpMCHa), + MoH(Cp(CO) a -*(Cp)rfCH^Zr—Mo(Cp)(CO), + CH 4 (60) 

Bridge-assisted reactions 

Fe(CO) 4 (AsMe,Cl) + [Mn(CO)J- - (CO^e—AsMe,—Mn(CO) 5 (61) 

Me Me 

\ / 

As 

/ \ 

(CO^e-Mn(CO) 4 

Addition of metal hydrides to coordinatively unsaturated complexes 

H,Os(CO) 4 — “HiOstCO)," Os,H„(CO), + H, (62) 


M + M'-►M-M' 




/ I \ 


Scheme 4 
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Much less effort has been directed toward the rational preparation of 
triangular clusters than to the synthesis of dimers. A survey of the 
methods used to prepare existing triangular clusters suggests that the 
reaction types listed next hold the most promise for the designed synthe¬ 
sis of new triangular species. 

Addition of a dimeric carbonylmetalate to a neutral carbonyl [Eq. (63) 
(43)]: 

NaJFe.CCOJJ + Fe(CO), - NaJFctCO),,] + 2CO (63) 

Addition of a dimeric carbonylmetalate to a metal halide complex [Eq. 
(64) (43)]: 

NaJFejfCO)*) + c/i-PtCl/PPh,), » Fe^(CO)JlPPh,), + 2NaCl (64) 

Addition of a monomeric carbonylmetalate to a neutral dimer [Eq. (65) 


(87)]: 

[Ni(CpKCO)], + [Mn(CO)J- - [MnNi.fCpMCOy- (65) 

Condensation of monomeric and dimeric neutral carbonyl complexes 
[Eqs. (66) (102) and (67) (121)]: 

Co(Cp)(CO), + Fe,(CO), - Fe,Co(Cp)(CO), (66) 

H,Os(CO) 4 + Coj(CO) 8 - OsCo,(CO)„ (67) 

Addition across multiple metal-metal bonds [Eqs. (68) (68) and (69) (57)]: 

H a Re f (CO), + Pt(C,H 4 ),(PPh s ) - Re,PlH^CO),(PPh») (68) 

(Cp)jMoi(CO) 4 + Pt(PPhj) 4 - MojPt(Cp)j(CO) 4 (PPhs)i (69) 

Addition of a carbonylmetalate to a dihalide dimer [Eq. (70) (57)]: 

(Cp)(CO)jMo—Mo(Cp(CO), + [Fe(CO)J*- — Mo,Fe(Cp),(CO) s + 21’ (70) 


The two types of reactions that appear most useful for the preparation 
of tetranuclear clusters are those given next. 

Addition of a carbonylmetalate to a neutral carbonyl trimer [Eq. (71) 
(78)]: 

[Fe(CO)J ! - + RujOs(CO), 2 ——* * HJeRuOs/CO)^ (71) 

Addition of a metal hydride to an unsaturated trimer [Eq. (72) (48)]: 

Os 3 (CO) 10 (NCCH 3), + WH(CpKCO), -► WOs,H(Cp)(CO)„ (72) 

In principle, both of these types of reaction could be employed to build 
up large clusters by the addition of a carbonylmetalate or a metal hydride 
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across the triangular faces of tetranuclear clusters. However, these re¬ 
actions, have yet to be demonstrated. 


Ill 

METHODS OF CHARACTERIZATION 

The spectroscopic methods chosen to characterize a particular com¬ 
pound will depend on the character of that compound as well as the type 
of information to be gained. For example, neutral clusters are readily 
characterized by mass spectrometry, whereas this method has been of 
little use for characterizing anionic clusters. Likewise, the subject of 
interest is the location of a hydride ligand or the site of phosphine or 
phosphite substitution, the most versatile tools are NMR spectroscopy 
and X-ray diffraction. We cannot discuss all the common characterization 
techniques in detail, but we shall highlight a few of the more important 
features. 


A. Mass Spectrometry 

Mass spectrometry has been an extremely useful tool for the charac¬ 
terization of neutral organometailic clusters, except for those few cases 
which have extremely high molecular weights or possess such ligands as 
PPh 3 that reduce the volatility of the compound. Mass spectrometry has 
not been a useful characterization technique for ionic clusters because 
these compounds are insufficiently volatile to permit study by conven¬ 
tional electron-impact techniques. However, there is some hope that with 
the development of field-desorption techniques ionic clusters as well as 
neutrals will be capable of being analyzed by mass spectrometry (146). 

A typical mass spectrum is that of H 2 FeRu 2 Os(CO) 13 , shown in Fig. 1. 
In general, the spectrum of a mixed-metal cluster will show the parent 
ion, as well as ions corresponding to loss of each of the carbonyl and the 
hydrogen ligands, all the way down to the bare metal core. Three'features 
of the mass spectrum are important for characterizing a compound. First, 
the position of the parent ion gives an indication of the molecular weight 
of the compound. Caution, however, must be exercised to ensure that 
the ion observed is indeed the parent ion. Most clusters will show the 
parent ion in their mass spectrum, but its intensity is variable. 

Second, the carbonyl-loss pattern can indicate the number of carbonyl 
ligands that a cluster possesses. The number of carbonyls may be readily 
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Fig. 1. Low-Resolution electron-impact mass spectrum of H 2 FeRu 2 Os(CO), 3 . 


determined simply by counting the ions that are separated by 28 mass 
units due to successive loss of each of the carbonyls. For example, in 
the spectrum of H 2 FeRu 2 Os(CO) 13 (Fig. 1), ions corresponding to loss of 
all 13 carbonyls are observed. 

Finally, the isotopic distribution of the parent ion can serve as a 
fingerprint for a given metal composition. The isotopic distribution of the 
parent ion of H 2 FeRuOs 2 (CO) 13 is shown in Fig. 2. The wide isotopic 
distribution from m/e 911 to m/e 895 arises because iron, ruthenium, and 
osmium have, respectively, 4, 9, and 7 naturally occurring isotopes of 
appreciable abundance. The various combinations, taken together with 
the appropriate weighting factors, give the calculated distribution shown 
in Fig. 2. If the metal composition of a particular cluster is uncertain, the 
experimental isotopic distribution may be compared with that calculated 
for a number of trial compositions, and thus the correct composition can 
often be uniquely determined. 
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Fig. 2. Comparison of observed (-) and calculated (-) isotopic distribution 

of the parent ion of FeRuOs,H t (CO), s . Reprinted with permission from Geoffrey and 
Gladfelter ( 78 ). Copyright by the American Chemical Society. 


Mixtures of compounds are often difficult to analyze using electron- 
impact mass spectrometry because of overlapping mass peaks from frag¬ 
ment ions of all the compounds present. However, chemical-ionization 
mass spectrometry has proved useful for analysis of such mixtures since 
only the parent ions of each compound present are normally observed. 
If metal carbonyls are studied and the instrument is operated in the 
negative-ion mode, only ions corresponding to the parent minus one 
carbonyl are seen. For example, the mixture of compounds Ru 3 (CO) l2 , 
Ru 2 Os(CO) ]2 , RuOs 2 (CO) I2 , and Osa(CO) I2 has proved extremely dif¬ 
ficult to separate using normal chromatographic or fractional recrystal¬ 
lization techniques. We have found that the electron-impact mass spec¬ 
trum of this mixture of compounds shows essentially a continuum of 
mass peaks, beginning with the parent ion of Os 3 (CO) I2 at mle 906 (78). 
However, the chemical-ionization mass spectrum of this mixture showed 
ions at mle 878, 789, 700, and 611, corresponding to the parent ions 
minus one carbonyl for each of the four clusters. From the relative 
intensities of the peaks, we were able to estimate the relative ratios of 
the four trimers in the mixture as 1:2:2:1 (78). 


B. Infrared Spectroscopy 

Infrared spectroscopy is most useful for identifying a known compound 
via comparison with published infrared data. In general, it is not possible 
to determine the structure or composition of a cluster by its infrared 
spectrum alone, although the spectrum can provide several useful indi- 
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cators. The region that has proved most useful is from 1700 to 2200 cm -1 , 
where carbonyl ligands generally absorb. The rest of the infrared spec¬ 
trum has so far been useful only for determining the presence or absence 
of other types of ligands. For example, a cluster that contains PPh 3 will 
show the characteristic ligand vibrations below 1600 cm -1 . In the car¬ 
bonyl region, carbonyls that are bound to a single metal atom normally 
appear between 2200 and 1900 cm -1 , whereas carbonyls that bridge two 
or three metals generally give a band in the 1900-1700 cm -1 region. Triply 
bridging carbonyls generally give a band lying in the lowest region. 
Caution should be exercised in assigning a carbonyl in the 1850-1950 
cm -1 region to a terminal or bridging position since the charge of the 
cluster can substantially affect the position of the bands in the infrared 
spectrum. Anionic clusters, for example, generally show all their car¬ 
bonyl vibrations at lower energy than the corresponding vibrations of a 
neutral cluster of similar composition. 

For illustration, Fig. 3 shows the infrared spectra of H 2 FeRu 3 (CO)i 3 , 
H 2 FeRu 2 Os(CO) 13 , H 2 FeRuOs 2 (CO) 13 , and H 2 FeOs 3 (CO)i 3 (75). Only the 
structure of H 2 FeRu 3 (CO) 13 has thus far been determined by X-ray dif¬ 
fraction (79), but the remarkable similarity of the infrared spectra shown 
in Fig. 3 indicates that the other three clusters must have similar struc¬ 
tures. In each case, the compounds show a set of bands between 2100 
and 1950 cm -1 which may be attributed to the 11 terminal carbonyls, and 



Fig. 3. Carbonyl region of the infrared spectra of (a) FeRu 3 H 2 (CO)i 3 , (b) 
FeRu 3 OsHj(CO) 13 , (c) FeRuOs 2 H 2 (CO) I3 , and (d) FeOs 3 H 2 (CO), 3 measured in cyclohexane 
solution. Reprinted with permission from Geoffroy and Gladfelter (75). Copyright by the 
American Chemical Society. 
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a grouping of bands near 1850 cm -1 which were assigned to the bridging 
carbonyls. 


C. Electronic Absorption Spectroscopy 

Electronic absorption spectroscopy is generally not very useful for 
characterizing mixed-metal clusters, although most mixed-metal clusters 
are highly colored and show rich UV-visible spectra. The bands that are 
observed may, in most cases, be attributed to transitions between orbitals 
involved in the metal-metal bonding. A comparison of the elec¬ 
tronic absorption spectra of H 2 FeRu 3 (CO) t3 , H 2 FeRu 2 Os(CO) 12 , and 
H 2 FeRuOs 2 (CO), 3 is shown in Fig. 4 (78). The spectra are virtually iden¬ 
tical, showing only a spectral blue shift as the osmium content increases. 
This spectral shift is consistent with the notion that the observed bands 
are due to metal-metal transitions which increase in energy as the 
strength of the metal-metal bonds increases as more third-row metal 
character is incorporated. Similar shifts have been observed in the spectra 
of Fe 3 (CO) I2 , Fe 2 Ru(CO)i 2 , FeRu 2 (CO)i 2 , Ru 3 (CO)i 2 , and Os 3 (CO) 12 (37, 
156, 161); and detailed electronic absorption-spectral studies of the latter 
compounds have conclusively shown that the electronic transitions are 
between orbitals involved in the metal-metal bonding (156). 



Fig. 4. Electronic absorption spectra of FeRu s Hj(CO)i 8 (-), FeRu,OsH s (CO),j 

(-), and FeRuOs,H,(CO), a (••• •) measured in hexane solution. Reprinted with per¬ 

mission from Geoffroy and Gladfelter (78). Copyright by the American Chemical Society. 
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D. Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy has proved to be quite useful 
for characterizing metal clusters, particularly clusters that have hydride 
ligands (7, 90, 95). As with infrared spectroscopy, a complete structure 
of an unknown cluster cannot be determined by measurement of its NMR 
spectrum, but some insight into structural features may be obtained. 'H 
NMR has been most useful for detecting the presence of hydride ligands 
and in many cases has led to an accurate assessment of their chemical 
environment. Although the hydride resonances for clusters generally lie 
in the chemical-shift range of r 15-45, for structurally similar clusters the 
chemical shifts of hydride ligands seldom differ by more than a few parts 
per million. Thus, by comparing the chemical shift of an unknown com¬ 
pound with those reported for related compounds, the possibilities for 
the hydride chemical environment can usually be narrowed. 'H-NMR 
spectroscopy is extremely useful for determining if the several hydrides 
that are present in a polyhydride cluster lie in equivalent or nonequivalent 
positions. However, as discussed in Section V, metal clusters are nor¬ 
mally fluxional at room temperature, and care must be taken to ensure 
that the static spectrum has been obtained when inferring structural 
information. 

13 C-NMR spectroscopy has largely been used to study the fluxional 
properties of metal clusters, but structural information has been obtained 
in selected cases. It has been amply demonstrated that resonances due 
to bridging carbonyls lie much farther downfield than those of terminally 
bound carbonyls in the same cluster. Furthermore, the terminal carbonyls 
in such mixed-metal clusters as H 2 FeRuOs 2 (CO)i 3 often group together 
in regions characteristic of carbonyls bound to a given metal (77). For 
example, in H 2 FeRuOs 2 (CO), 3 the resonances of the carbonyls bound to 
osmium occur in the 168-177 ppm region, the resonances of those bound 
to ruthenium occur in the 184-189 ppm region, and the resonances of 
those terminally bound to iron occur in the 204-211 ppm region; see Fig. 
6 (77). 


E. Mossbauer Spectroscopy 

Mossbauer spectroscopy has thus far only been used to characterize 
mixed-metal clusters that contain iron, but it has been useful in deducing 
structures in several instances. The principal utility of the technique has 
been in determining whether or not the several iron atoms in a cluster 
are in equivalent environments. An application to the characterization of 
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mixed-metal clusters comes from the compounds Fe 2 Co(Cp)(CO) 9 and 
Fe 2 Rh(Cp)(CO) B . Two different environments for the iron atoms were 
observed for the cobalt compound, whereas only a simple doublet was 
seen in the spectrum of the rhodium derivative, indicating that the two 
iron atoms are in equivalent positions (102). Structures 19 and 20 were 
suggested on the basis of these data. Likewise, doublets having broad¬ 
ened lines were observed in the spectra of Fe 2 Rh 2 (Cp) 2 (CO) 8 and 
FesRhfCpXCO)!,, indicating nonequivalent iron atoms, as was subse¬ 
quently confirmed by X-ray analysis (50, 51, 102). 



(19) (20) 


Mossbauer spectroscopy can indeed be a very useful technique for 
characterizing iron-containing clusters, but it will continue to be of limited 
use for other metals. 


F. Structure Determination by X-Ray and Neutron Diffraction 

The best way to ascertain the structure of any compound is to deter¬ 
mine its structure by X-ray or neutron diffraction. Indeed, as indicated 
in Table I, many mixed-metal clusters have had their structures examined 
by X-ray crystallography, and at least one by neutron diffraction. Space 
does not permit presentation of the structures of all of these clusters, and 
the reader is referred to the original articles. 


G. Chromatographic Properties 

Although liquid chromatography has been extensively used for sepa¬ 
rating mixed-metal clusters, very little attention has been given to using 
this technique for identifying compounds. With the advent of analytical 
high-pressure liquid chromatographs, the capability is available for iden¬ 
tifying previously prepared compounds by comparison of retention times, 
much as gas chromatography has been used in studies of organic com¬ 
pounds. A typical chromatogram that may be obtained for a mixture of 
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clusters with a commercial high-performance analytical instrument is 
shown in Fig. 5; it illustrates the kind of separation that can now be 
achieved. Workers within a group having its own analytical instrument 
can accumulate a list of retention times of known compounds under a 
standard set of chromatographic conditions, and then simply compare 
retention times for compounds resulting from new reactions. Caution 
must, however, be exercised, as it is not unlikely that several compounds 
have similar retention times, and this technique can, at best, only com¬ 
plement other identification methods. We have found analytical high- 
pressure liquid chromatography extremely useful for following the course 
of reactions and for suggesting the identity of products (62). Columns of 
microporous silica, such as Waters Associates’ fi -Porasil column, appear 
most useful. 


IV 

REACTIVITY 

There have been relatively few studies of the reactivity of mixed-metal 
clusters, in part because few have been available in sufficient quantity to 



Fig. 5. High-pressure liquid chromatogram of the mixture of clusters obtained from the 
addition of [Co(CO) 4 ] _ to Ru^COlu, followed by protonation with H 3 P0 4 . The separation 
was achieved by using a 25-cm Waters Associates ^i-Porasil column with hexane as the 
eluting solvent at a flow rate of 1.5 ml/min. 
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permit study. The majority of investigations have centered on ligand 
substitution reactions employing Group V donor ligands. These are dis¬ 
cussed first, followed by brief discussions of the acid-base chemistry of 
mixed-metal clusters and their reactions with H 2 , CO, and alkynes. Fi¬ 
nally, we present those few studies in which mixed-metal clusters have 
been employed as catalysts. 


A. Ligand Substitution Reactions 

Substitution of the neutral cluster FeCo 3 H(CO) 12 with phosphorus 
donor ligands has been extensively studied by several groups (54, 89, 
153). Cooke and Mays (54) noted that mono-, di-, and trisubstituted 
derivatives could be prepared, depending on the initial reaction condi¬ 
tions and reagent ratios, Eq. (73). 

FeCo,H(CO)„ + L->FeCo 3 H(CO) It -,L, (n = 13) (73) 

L = PPh 3 , PPh 2 Me, PEt 3 , P(OPh) 3 , P(OPr) 3 

Infrared- and 57 Fe-Mossbauer-spectral studies indicated that substitution 
in these derivatives occurs exclusively at cobalt, with one ligand per 
cobalt atom in the trisubstituted derivatives (54). Only with the chelating 
dppe ligand was a tetrasubstituted product formed, Eq. (74). 

FeCo 3 H(CO) 13 + 2 dppe -» FeCo 3 H(CO),„(dppe) + FeCo 3 H(CO) 8 (dppe) 2 (74) 

The 57 Fe-Mossbauer spectrum of FeCo 3 H(CO)8(dppe) 2 indicated the pres¬ 
ence of a 1:3 ratio of two isomers. The less abundant isomer was 
attributed to a cluster having both dppe ligands attached to cobalt atoms, 
and the second isomer was assigned a structure having one dppe ligand 
bridging to the iron. It was noted that FeCo 3 H(CO)i 2 is considerably 
more inert to substitution than the isoelectronic Co 4 (CO) 12 . 

Kaesz and co-workers (59) reported the reaction of FeCo 3 H(CO) 12 with 
P(OMe) 3 , and they were able to isolate a tetrasubstituted product in 
which the fourth P(OMe) 3 ligand was bound to iron. The structure of 
FeCo 3 H(CO) 9 {P(OMe) 3 } 3 was determined by X-ray diffraction at -139°C 
and is shown in 21. The hydride ligand was located on the C 3 axis, 
situated below the Co 3 face. An independent neutron-diffraction study by 
Bau and co-workers (153) on the same cluster confirmed the position of 
the hydrogen. These results were particularly significant since the loca¬ 
tion of the hydride ligand in the parent FeCo 3 H(CO) I2 cluster generated 
considerable discussion since its initial report. Unfortunately, the quad¬ 
ruple moment of the cobalt nuclei had prevented observation of a ‘H- 
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NMR signal for the hydride ligand in FeCo 3 H(CO) 12 or any of its deriv¬ 
atives (54, 89). 


Fe(CO). 


(21) 

Cooke and Mays (53) also studied the substitution of the anionic clus¬ 
ters [FeCo 3 (CO) 12 ] _ and [MnFe 2 (CO)i 2 ] _ , Eqs. (75) and (76). 


[FeCoj(CO)jj] _ + L “ l * > [FeCo,(CO)„L]- 

(75) 

L = PPha, PMePhj, P(OPr) 3 


[MnFe,(CO)„]- + L > [MnFe^COh.L]- 

(76) 


L = PPh 3 , PMePhj, P(OPr>3 

Unlike FeCo 3 H(CO)i 2 , only monosubstituted derivatives could be iso¬ 
lated with [FeCo 3 (CO) 12 ] - . This was attributed to a greater stabilization 
of the anionic cluster by the ^-accepting CO groups (53). 

Reaction of FeCo 2 (CO) s S with a series of phosphines (31, 133) and 
isocyanides (126) yielded mono-, di-, and trisubstituted derivatives, Eqs. 
(77) and (78). * 7 Fe-Mossbauer spectra of the phosphine-substituted deriv¬ 
atives indicated that substitution at cobalt occurs prior to substitution at 
iron (31). Unfortunately, no crystallographic evidence has been obtained 
for any of these derivatives, and the precise stereochemistry has not 
been resolved, even with the aid of l3 C-NMR spectra (9). The problem 
is compounded with the isocyanide ligands since several isomers of the 
trisubstituted derivatives are formed. 

FeCo,(CO)»S + L-> FeCo 2 (CO) 9 _»SL, (n = 1-3) (77) 

L = PPha, Pfn-Bu), 

FeCojfCOlsS + CN—f-Bu — FeCo,(CO)»_«S(CN—f-Bu)„ </t = 2, 3) (78) 

Rossetti and co-workers (133) investigated the kinetics and mechanism 
of the substitution of FeCojlCOgS and its derivatives. Both associative 
and dissociative paths were observed in each of the three substitution 
steps. However, the first and second phosphine ligands substituted pre¬ 
dominantly by an associative pathway, although the first substitution was 
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much faster than the second. It was suggested that initial attack occurs 
by the phosphine on the triangular face opposite the sulfur atom. Sub¬ 
stitution of the third ligand was slow and occurred principally via a 
dissociative pathway. 

We recently studied the substitution of FeRu 3 H 2 (CO) 13 with a series of 
phosphorus donor ligands and prepared several mono- and disubstituted 
derivatives, Eq. (79) (82). 

FeRu,H,(CO) ls + L — FeRu,Hj(CO) B L + FeRu s H^CO) u Lj (79) 

L = PO'-Pr^, PPhj, PMePhj, PEt.Ph, P(OMe) 3 , P(OEt,)Ph, PMe.Ph, PMe s 

31 P{‘H} and ‘H-NMR data indicate that the monosu6stituted derivatives 
exist in the two isomeric forms 22 and 23. These isomers were found to 
interconvert on the NMR time scale, and this process will be discussed 
in more detail in Section V. The disubstituted derivatives appeared to 
form at a lower rate than the monosubstituted derivatives, and attempts 
at further substitution led to break-up of the cluster. When such basic 
phosphines as PEt 2 Ph were employed, deprotonation of the starting clus¬ 
ter occurred, to yield [FeRu 3 H(CO), 3 ] _ . Cooke and Mays (54) observed 
similar deprotonation in their study of FeCo 3 H(CO) 12 . 



(22) (23) 


An investigator would like to be able to predict the metal of a mixed- 
metal cluster at which substitution would occur. From the limited data 
available, the only reasonable conclusion that can be drawn is that Co 
substitutes more readily than Fe in mixed Fe—Co clusters. Clearly, 
further studies are needed in order to assemble sufficient data to permit 
a confident approach to this question. 

FeCo 2 (CO) 9 S has been shown to undergo a unique reaction in which 
the cluster itself acts as a donor ligand, Eq. (80) (132). 

FeCo^COJsS + CrtCOUTHF) - FeCo^CO).^—Cr(CO) 5 (80) 


(24) 
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Cr(CO) 5 



(24) 


X-Ray structural data indicate that essentially no change in the geometry 
of the FeCo 2 S cluster occurs upon complexation to Cr(CO) 5 . 


B. Acid-Base Reactions 

In many cases anionic mixed-metal clusters can be protonated to yield 
neutral hydride clusters, and likewise neutral hydride clusters can be 
deprotonated to yield anionic species. For example, [CoRu 3 (CO) 13 ] _ is 
the initial product resulting from the addition of [CofCO)^ - to Ru 2 (CO) 12 . 
This cluster can either be isolated as its I(Ph 3 P) 2 N] + salt or protonated 
with H 3 P0 4 to give CoRu 3 H(CO) l3 , Eq. (81) (147). 

[Co(CO)J- + Ruj(CO) XI [CoRiiatCOJuT CoRu,H(CO), s 

i l(Ph*P)|Nl + I 8 *) 

[(PhaP)«NKCoRu s (CO) u ] 

Such protonation reactions as these are usually accomplished by using 
such noncomplexing, nonoxidizing acids as H 3 P0 4 . Care should be taken 
in protonating anionic clusters as many of the corresponding neutral 
hydride clusters are thermally unstable and decompose rapidly. For ex¬ 
ample, attempted protonation of [FeCo 3 (CO)io(C 2 Ph 2 )] _ did not give the 
expected FeCo 3 H(CO)io(C 2 Ph 2 ), but rather FeCo 2 (CO) 8 (C 2 Ph 2 ), Eq. (82) 
(53). 

[FeCojtCOjjafCjPhj)] - + H + -► FeCo^CO^C.Ph,) (82) 

Likewise, we have prepared the anionic clusters [CoFeRu 2 (CO) 13 ] _ and 
[CoFe 2 Ru(CO) ia T, but all attempts to isolate the corresponding neutral 
hydride clusters after protonation have failed, apparently because of their 
instability (147). 

Deprotonation reactions are not so facile. Such bases as OH - and NR 3 
have to be used with caution as they can lead to cluster degradation via 
attack of the base on the carbonyl ligands. Inkrott and Shore (94) reported 
a deprotonation method using KH, and we (80) have successfully em¬ 
ployed this procedure to deprotonate FeRu 3 H 2 (CO) 13 , Eq. (83). 


FeRu 3 H 2 (CO),3 + KH 


H, + K[FeRu 3 H(CO) 13 ] 


(83) 
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The only study of the kinetics of a protonation reaction of a mixed- 
metal cluster was conducted by Cooke and Mays (53) who studied the 
deuterium isotope effect on the rate of protonation of [FeCo 3 (CO) 12 ] _ and 
[FeCo 3 (CO)„{P(0—<-Pr) 3 }] _ . Large deuterium isotope effects were ob¬ 
served, and for [FeCo 3 (CO) 12 ] _ k H /k D = 17.8 ± 1 whereas for 
[FeCo 3 (CO)„{P(0—<-Pr) 3 }]~, kn/k D = 8.3 ± 1. These large values were 
attributed to “tunneling” of the proton through the ligand barrier to reach 
its site below the Co 3 face. 


C. Reactions with H 2 and CO 

A number of metal clusters have been demonstrated to react with H 2 , 
often leading to replacement of one CO by two hydride ligands. Kaesz 
and co-workers (7 07) first demonstrated this reaction for a mixed-metal 
cluster when they prepared FeRu 3 H 4 (CO), 3 from FeRu 3 H 2 (CO) t3 , Eq. 
(84) (107). Other examples are shown in Eqs. (85) (107), (86) (81), and 
(87) (48). 

FeRujHi(CO),» + H, ^ > FeRu.H.fCO),, + CO (84) 

Ru^jtCO),, + H, A h< ^° » Ru 4 H 4 (CO)„ + CO (85) 

CoRu s H(CO), 3 + H, CoRujHj(CO)„ + CO (86) 

WOs 3 H(Cp)(CO)„ + H, * > WOsjH,(Cp)(CO) n + CO (87) 

This type of reaction appears to have considerable generality, and we 
suspect that many clusters having one or two hydride ligands can be 
converted into tri- and tetrahydrides, respectively. Those reactions ap¬ 
pear favored because of the loss of steric crowding upon replacing one 
CO with two hydrogens. We know of no examples in which hydride 
clusters have been prepared from nonhydride clusters having the same 
metal framework via a reaction of this type, or of any related reactions 
that lead to clusters having more than four hydrides. As may be seen by 
comparing the reaction conditions given in Eqs. (84)-(86), the relative 
reactivity is greatly dependent upon the specific metals involved, even 
for isoelectronic clusters. 

A number of mixed-metal clusters have been demonstrated to react 
with CO, often under quite mild conditions, Eqs. (88)-(93) (80), (94) (38), 
and (95) (80). 
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FeRu 3 H 4 (CO)u + CO — FeRu 3 Hj(CO) , 3 (88) 

FeRu 3 Hj(CO) 13 + CO - Ru 3 (CO)„ + Fe(CO) 5 + H 2 (89) 

[FeRu 3 H(CO) 13 ]- + CO — [Ru 3 H(CO)„]- + Fe(CO) 5 (90) 

FeRu 2 OsH 2 (CO), 3 + CO — Ru 2 Os(CO) l2 + Fe(CO) 5 + H 2 (91) 

FeRuOs 2 H 2 (CO) J3 + CO — RuOsj(CO) 12 + Fe(CO) 5 + H 2 (92) 

[CoRu 3 (CO) 13 ]- + CO — Ru^CO),* + [Co(CO) 4 ]- (93) 


[Co 4 Ni 2 (CO) 14 ]*- + CO — [NiCo,(CO) n ]- + Ni(CO) 4 + [Co(CO) 4 ]- (94) 

HjFeRujlCOlulPMejPh) + CO -* FeRu 2 (CO)„(PMe 2 Ph) + Ru(CO) 5 + H 2 (95) 

The reaction expressed in Eq. (88) is the reverse of the hydrogen addition 
[Eq. (84)] and constitutes one of the few demonstrated cases of reductive 
elimination of H 2 from an intact cluster. The tetranuclear clusters that 
have been studied appear to fragment consistently in the presence of CO, 
to produce a metal carbonyl trimer and a monomeric fragment in highly 
specific fashions. 


D. Reactions with Alkynes 

The only examples of the reaction of mixed-metal clusters with alkynes 
are shown in Eqs. (96) (53), (97) (74), and (98) (63). 

[FeCoalCOhJ- + PhCsCPh A ' 811 > [FeCo^CO) 10 (PhC 2 Ph)]- (96) 

FeRusHjfCOhs + RCieeCR' FeRu 3 (C9) 12 (RC 2 R') (97) 

R, R' = Ph.Me 
R = Ph; R' = Me 

FeCojHlCOJu + PhC^CPh — FeCo 3 H(CO),fPhC 2 Ph) 2 (98) 

The most extensive study was conducted with FeRu 3 H 2 (CO) 13 (74). This 
cluster reacts with diphenylacetylene to produce two isomers of 
FeRu 3 (CO) 12 (PhC 2 Ph), and these were characterized by X-ray crystallog¬ 
raphy as 25 and 26. These structures are similar to those of 
Ru 4 (CO) 12 (PhC 2 Ph) (98) and Co 4 (CO) 10 (PhC 2 Ph) (58) and appear to result 
from insertion of the alkyne across one of the metal-metal bonds. Inter¬ 
estingly, the two isomers 25 and 26 slowly interconvert in refluxing 
hexane, to give an equilibrium mixture containing 26 as the major com¬ 
ponent. With the unsymmetrical alkyne PhC=CMe, three isomers of 
FeRu 3 (CO) 12 (PhC 2 Me) result. 
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E. Catalytic Reactions 

Only a few mixed-metal clusters have been studied as homogeneous 
catalysts, and in all these studies the exact nature of the catalytically 
active species is unknown. Labroue and Poilblanc (108) reported the use 
of Co 3 Rh(CO) 12 and Co 2 Rh 2 (CO) 12 as catalysts for the hydrogenation of 
styrene to ethylbenzene at 27°C and ~2 atm H 2 . No induction period was 
observed, and the initial rate for Co 2 Rh 2 (CO) 12 was twice th# for 
Co 3 Rh(CO) 12 . Co 4 (CO) 12 was inactive under the same conditions. Addi¬ 
tion of P(OMe) 3 to the reaction mixture increased the rate of hydrogen¬ 
ation to the same magnitude as that found for RhCl(PPh 3 ) 3 . Unfortu¬ 
nately, the reaction mixture contained unidentifiable products that were 
not, by comparison, simply the substituted Co 2 Rh 2 (CO) 12 _ B [P(OMe) 3 ] n 
(n = 1, 2, 3) clusters. A possible correlation between the catalytic and 
fluxional properties of these molecules was suggested (108). 

Mays and co-workers (33) found that [FeCo 3 (CO) 12 ]~ and FeCo 3 H(CO) 12 
catalyze the dimerization of norbomadiene, Eq. (99). The results were 
highly dependent on the solvent and the cocatalysts employed. 
FeCo 3 H(CO) 12 was more effective than [FeCo 3 (CO) 12 ] - , but the nature of 
the actual catalytic species was not determined. 



(99) 


Ford and co-workers (72) reported that several metal clusters catalyze 
the water gas shift reaction, Eq. (100). 


CO + HjO 


FeRUjHj(CO) l3 , OH-/dlglyme 


(100) 


The most active catalyst studied was FeRu 3 H 2 (CO) 13 , but the actual 
catalytic mechanism is still not known. In view of the reaction shown in 
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Eq. (89), it is possible that the reaction proceeds via one of the catalytic 
cycles shown in Scheme 5 (80). 

An important application of metal carbonyl clusters may come in their 
use as precursors for heterogeneous catalysts. In this regard, mixed- 
metal clusters are ideally suited for the preparation of bimetallic catalyst 
systems. Anderson and co-workers (17) examined the adsorption of clus¬ 
ters, including Co 3 Rh(CO) 12 and Co 2 Rh 2 (CO) 12 , onto alumina and silica. 
Adsorption of the clusters was more facile on alumina and was assisted 
by the presence of oxygen. Co 2 Rh 2 (CO) 12 was found to lose its bridging 
carbonyls upon adsorption, and further loss of carbonyl occurred at 
temperatures >300K. These studies also showed that, upon reduction at 
650°C under an H 2 atmosphere, Co 2 Rh 2 (CO) 12 forms a highly dispersed 
Co—Rh bimetallic catalyst. Importantly, this process gave a much higher 
degree of dispersion than could be obtained by conventional impregnation 
techniques using an aqueous solution of Co(NC> 3 ) 2 and RhCl 3 -3H 2 0. 


V 

DYNAMIC NMR STUDIES 

A common feature of metal clusters is their stereochemical nonrigidity, 
in which carbonyl and hydride ligands exchange their coordination sites. 
Mixed-metal clusters are ideally suited for studies of the fluxional pro¬ 
cesses in clusters because of the low symmetry inherent in their metal 
framework. In such clusters, the majority of the ligands are in chemically 
nonequivalent positions and should thus be distinguishable by NMR 


[FeRu,H(CO) l3 ]~ + 4CO-*-^-[HFe(CO)«]‘ + CO, 

-H*0 


c 

^♦O) 


FeRuja,(CO)„ + 3 CO-»-Ru,(CO) ll + Fe(CO), + H, 


c 


20H" 

2H t O 


[FeRu,(CO) ls ]»- + 4 CO—-^-[Fe(CO) 4 ]*- + CO, + H fi 
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spectroscopy. The following discussion briefly describes those studies 
that have been conducted. The methodology has previously been dis¬ 
cussed (7), and will not be repeated here. 


A. Trinuclear Clusters 

Mays and co-workers (86) found that both Fe 2 Rh(Cp)(CO) 9 and 
Fe 2 Co(Cp)(CO) 9 are fluxional, but were unable to obtain a low-temper¬ 
ature limiting spectrum. A limiting spectrum was observed, however, 
with FeRh 2 (Cp) 2 (CO) 8 . 57 Fe mossbauer data on solid samples of this 
cluster had previously led (102) to assignment of the structure as 27, but 
the 13 C-NMR spectrum at -70°C (234.5 ppm, t, 2C; 193.3 ppm, s, 2C; 
190.0 ppm, s, 2C) was consistent only with structure 28. The triplet 
observed at room temperature agreed well with the average chemical 
shift calculated from the -70°C spectrum, but differed considerably in 
its 103 Rh- 13 C coupling constant. It is possible that at higher temperatures 
iosmer 27 is also present; this could account for the increase in the 
average 103 Rh- ,3 C coupling constant. 



(27) (28) 


Johnson and co-workers (73) examined the ,3 C-NMR spectra of a series 
of metal carbonyl trimers, including Fe 2 Ru(CO) 12 and [MnFe 2 (CO) l2 ]~. 
Each of these showed only a singlet at the lowest temperatures examined, 
indicating rapid exchange of the carbonyls. We have found that, at room 
temperature, Ru 2 Os(CO) 12 shows a 192.0-ppm singlet that broadens upon 
cooling to -90°C (80). The position of the singlet agrees very well with 
the chemical shift calculated from a weighted average of the singlets 
observed in the spectra of Ru 3 (CO) 12 (198 ppm, 25°C) and Os 3 (CO), 2 
(178.1 ppm, 156°C). 

Aime and co-workers (9) studied the 13 C-NMR spectra of FeCo 2 (CO) 9 S 
and several of its phosphine derivatives. At -115°C, FeCo 2 (CO) 9 S ex¬ 
hibits three peaks in a 1:2:6 intensity ratio. The large peak was attributed 
to the Co—CO which undergo rapid scrambling. At -65°C, the Fe—CO 
groups undergo localized scrambling on the Fe atom, and, above this 



Mixed-Metal Clusters 


259 


temperature, all of the carbonyls become equivalent. The 13 C-NMR spec¬ 
tra of the substituted FeCo 2 (CO) 9 _»S(L) n (n = 1-3) derivatives indicated 
that the first two phosphines bind successively to the Co atoms, and the 
third phosphine binds to Fe. Although this study indicated that the phos¬ 
phines all substitute within the equatorial FeCo 2 plane, it was not possible 
to assign the absolute stereochemistry. For instance, both 29 and 30 are 
possible structures for the monosubstituted derivative. 



(29) (30) 


These FeCo 2 (CO) 9 _„S(L) n (n = 1-3) clusters are fluxional on the NMR 
time scale (9). In each case, localized exchange occurs first on the un¬ 
substituted Co atom, and then on Fe. Finally, exchange of all the car¬ 
bonyls occurs, to yield only a single resonance in the high-temperature 
spectrum. Line-shape analysis led to the following order of activation 
energies for exchange of the carbonyls bound to iron. 
FeCoj(CO),S[P(fl-Bu):J s > FeCo 2 (CO) 8 S[P(/i-Bu) 3 l>FeCo 2 (CO) 8 S[P(OI > h) 3 ] > FeCoj(CO) 9 S 

It was suggested that an increase in the electron density on the cluster 
due to substitution weakens the metal-metal bonds and thereby facilitates 
scrambling within the Fe(CO) 3 fragment (9). The mechanism of carbonyl 
exchange between the metals remains unclear. 


B. Tetranuclear Clusters 

Co 3 Rh(CO) 12 exhibits a ,3 C spectrum at -85°C consistent with structure 
31 (97). At this temperature, the carbonyls bound to the unique cobalt 
give rise to a single resonance, indicating that they rapidly interchange. 
The next process ( T c = -45°C) involves interchange of the carbonyls on 
the three RhCo 2 faces. The Rh is always maintained in the basal triangle 
in this process although the bridging carbonyls exchange positions (see 
Scheme 6). At temperatures above -30°C, all the carbonyls become 
equivalent. The mechanism for this last process probably involves a 
tetrahedral intermediate similar to that proposed by Cotton et al. (56) to 
explain the fluxionality of Rh 4 (CO) 12 . 
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(31) 

Milone and co-workers (S) examined the ,3 C-NMR spectra of 
FeCo 3 H(CO)i 2 (32) and some of its substituted derivatives. At -89°C, 
two resonances in a 1:2 ratio were observed in the spectrum of 
FeCo 3 H(CO), 2 . As the temperature was raised, the farthest upfield, and 
more intense, peak broadened significantly. It was assumed that the 
cobalt carbonyls rapidly exchange at -85°C, and this peak was attributed 
to an average cobalt carbonyl resonance that broadens at room temper¬ 
ature due to coupling to 59 Co. The second resonance was attributed to 
rapidly exchanging Fe carbonyls. The observed disparity of intensities 
(1:2 observed, 1:3 expected) is similar to that found for the isoelectronic 
Co 4 (CO) 12 . 



(32) 
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The substituted FeCo 3 H(CO) 12 _ B (L) B (n = 1-3) derivatives (5) all 
yielded spectra consistent with the proposed or proved structures 33, 34, 
and 35. Increasing substitution slowed the exchange processes within the 
Co 3 triangle. Arguments were advanced to the effect that substitution of 
a carbonyl with a phosphine ligand increases the electron density on the 
cluster, and this in turn increases the need for the bridging carbonyls as 
an effective means of removing the excess electron density. As the 
transitional state in the fluxional process would involve breaking the 
carbonyl bridges, the activation barrier should therefore increase. 



(33) (34) (35) 


We have studied the dynamic properties of FeRu 3 H 2 (CO)i 3 , 
FeRu 2 OsH*(CO), 3 , and FeRuOs 2 H 2 (CO) 13 (77). The structure of 
FeRu 3 H 2 (CO), 3 was determined by X-ray crystallography (79), and 
FeRu 2 OsH 2 (CO), 3 and FeRuOs 2 H 2 (CO) 13 were assumed to have similar 
structures on the basis of their infrared, electronic absorption, and NMR 
spectral data (75). The mechanisms of CO exchange were found by ,S C- 
NMR spectroscopy to be identical for these three clusters, and our 
further discussion will involve only FeRuOs 2 H 2 (CO) 13 . This cluster exists 
in the two isomeric forms shown with their C s and C, symmetry labels. 
The low-temperature limiting 13 C-NMR spectrum of the mixture of these 
isomers is shown in Fig. 6. Nineteen of the 21 chemically nonequivalent 
carbonyls present in the isomeric mixture are clearly observable in the 
13 C-NMR spectrum, illustrating the utility of mixed-metal clusters in 
studies of this type. Three basic exchange processes occur in these 
clusters as the temperature is raised from -60 to + 100°C. The first 
process involves exchange of the bridging and terminal carbonyls bound 
to iron (C„ T c = -40°C; C s , T c = -20°C). In the second process, eight 
carbonyls execute a cyclic motion around the Fe—M—M triangle that 
initially contained the bridging carbonyls (C„ T c = -20°C; C s , T c = 
20°C). The third process manifests itself in two distinct ways (see Scheme 
7). First, the two enantiomers of the C, isomer interconvert; this occurs 
by a shift in the metal framework in which the Fe moves away from Os A 
and toward Os B , concerted with movement of the hydride that bridges 
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ppm 

Fig. 6. “CpH} NMR spectrum of FeRuOs 2 H 2 (CO) 13 at -60“C. 

the Os A —Ru bond to a position bridging the Os B —Ru bond. Finally, in 
the last process, the Fe moves away from Ru and toward Os A , to give 
the C s isomer. The interconversion of the three faces of the cluster that 
possess the bridging carbonyls, coupled with the cyclic exchange process 
about each of these faces, leads to total exchange of all of the carbonyls 
in the cluster. The activation barriers for each of the three exchange 
processes (bridge exchange, cyclic exchange, and metal shift) was ob¬ 
served to increase in the order FeRu 3 H 2 (CO ),3 < FeRu 2 OsH 2 (CO)i 3 < 
FeRuOs 2 H 2 (CO) I3 . 



c 8 c, 


In a separate study, ‘H-, 31 P-, and 13 C-NMR spectra were used in order 
to show that FeRu 3 H 2 (CO) 12 (PMe 2 Ph) exists in the two isomeric forms 
36 and 37 (82). An alternative substitution site in the Cj isomer that was 
also consistent with the NMR data is indicated by the asterisk. Complete 
assignment of the 13 C-NMR spectrum of the compound was not possible 
because of overlapping resonances, but much information was extracted 
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from the X H-NMR spectrum. These two isomers were found to intercon¬ 
vert, presumably by the same type of intrametallic rearrangement process 
already discussed. 



C s 

(36) 


\ 



C, 

(37) 


Perhaps of greater importance was comparison of the series of 
FeRu 3 H 2 (CO) 12 L clusters in which L = P(OMe) 3 , P(OEt) 2 Ph, PPh 3> 
PMePh 2 , PEt 2 Ph, PMe 2 Ph, PMe 3 , and P(i-Pr) 3 (82). A comparison of the 
C s Ci equilibrium constants with the cone angle and basicity of the 
phosphorus ligand for the various derivatives in hexane solution is shown 
in Table II. No correlation was found on using only size or basicity alone, 
and both factors affect the position of this equilibrium. With large ligands, 
the cluster exists totally as the C B isomer, regardless of ligand basicity. 
With smaller ligands, the complex may exist as both isomers, but with 
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TABLE II 

Effect of Ligand Size and Basicity on the Cj C, 
Equilibrium of FeRu,H,(CO)„L (82) 


Ligand 

Cone angle 
(degrees) 0 

Basicity 

(cm-') 0 

K 

P(/-Pr) s 

160 

2059.2 

>100 

PPh 3 

145 

2068.9 

>100 

PMePhj 

136 

2067.0 

11 

PEtjPh 

136 

2063.7 

11 

P(OMe), 

107 

2079.5 

10 

P(OEt) t Ph 

116 

2074.2 

5.5 

PMe,Ph 

122 

2065.3 

1.8 

PMe s 

118 

2064.1 

0.4 


0 Data taken from C. A. Tolman, Chem. Rev. 77, 313 (1977). 


the C t isomer increasing in stability as the basicity of the phosphorus 
donor ligand increases. The equilibrium was found to be quite solvent- 
dependent, and more polar solvents favored the C s isomer. 

The solid-state structure of Ru 3 CoH 3 (CO)i 2 was shown by X-ray crys¬ 
tallography to have C 3v symmetry (38) (81). However, infrared and *H- 
NMR spectroscopy showed that more than one isomer of this cluster 
exists in solution. The C 3v structure 38 has no bridging carbonyls, but 
the infrared spectrum of the cluster in hexane solution showed v co at 
1878 cm -1 . ‘H-NMR measurements at -100°C and 360 MHz confirmed 
the presence of two isomers and showed that the second isomer contains 
three nonequivalent hydrogens. Structure 39 was suggested for the sec¬ 
ond isomer. At elevated temperatures, these isomers interconvert ( T c = 
-40°C). 



(38) 






(39) 
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VI 

ALMOST MIXED-METAL CLUSTERS 

Because of the requirements set at the beginning of this chapter con¬ 
cerning the scope of this review, we have had to exclude several inter¬ 
esting compounds, but, as these may be of interest to some readers, they 
are briefly mentioned here although this section is not meant to be 
comprehensive. 

A number of linear mixed-metal carbonyls are known. Sheline and co¬ 
workers prepared a series of M—Fe—M (M = Tc, Re) trimers by pho¬ 
tolysis of Fe(CO) s and the corresponding M 2 (CO) 10 , Eq. (101) (66, 109). 

MjtCO),, + Fe(CO) 5 —(CO)jM—Fe(CO)«—M(CO) s (101) 

(M = Mn, Tc, Re) 

Schmid and co-workers (136) prepared several derivatives that possess 
the [Co s COj 0 ]" unit as an oxygen donor ligand to another metal. Reac¬ 
tions (102) (138), (103) (152), (104) (152), and (105) (139) are illustrative. 


7Co a (CO), + 4 Ti(Cp) 2 Cl a 


(Cp)jTiCl 

? 


4 Q + CoClj + 16CO 
i)fio4~ -7>Co(CO), 


( 102 ) 


2 [Co s (CO) l0 ] " + M(Cp)jCl a 


<co, ' c °f>7J C 

(CO) 3 Co<C\J 


/ \„ 


Co(CO), (CO)jCo Co(CO)j 


2(CO) s Co£OM(Cp) !i Cl - 
(M = Tl, Zr, HI) 


(co) ^°tw7 


(Cp).M^ yM(Cp) a 

/ (X \ 
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Ti(Cp)Cl, + Na[Co(CO) 4 ] 


*Co(CO), 

Co(CO) 3 


(105) 


The bridged oligomer [Fe 2 Rh(Cp) 2 (CO) 2 (PPh 2 ) 2 ] + (40) is prepared by 
the reaction shown in Eq. (106) (83, 84, 114). 

[Rh(CO) 2 Cl ] 2 + excess Ph 2 P—Fe(Cp)(CO) a [Fe 2 Rh(Cp) 2 (CO) 4 (PPh 2 ) 2 ] + (106) 

(40) 


c f/r 

(Cp) (CO)F^—-PPh, 
PPh, 


Norton and co-workers (5, 6) developed an improved synthetic method 
for this trimer, and they prepared the Ru 2 Ir and Fe 2 Ir analogs. These 
compounds undergo racemization on the NMR time scale with free ener¬ 
gies of activation of 12.6, 17.5, and 17.8 kcal/mol for the Fe 2 Rh, Fe 2 Ir, 
and Ru 2 Ir complexes, respectively. 

HMnRe 2 (CO)i 4 41 was shown to have a “bent” disposition of metals 
with the hydride lying between the Re atoms (44, 69). 


1 / 




(41) 


Dahl and co-workers prepared the unusual compound 
Mo 2 Re 2 (Cp) 2 (CO) u (S) 2 (42) containing both tri- and tetracoordinated sul¬ 
fur ligands, Eq. (107) (158). 


[Re(CO) 4 SSnMea ] 2 + Mo(Cp)(CO) 3 Cl 


^CpWCOJntS), (107) 
(42) 
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Mo(Cp)(CO) 3 


(42) 

Chini and co-workers (42) found that [CofC.OlJ - reacts with Cul 
and Agl to give high yields of [(CO) 4 CoCuCo(CO) 4 ] _ and 
[(CO) 4 CoAgCo(CO) 4 ]~ of structure 43. The copper complex is less stable 
than the silver species and readily dissociates in CH 3 CN. Reaction (108), 
however, is reversible, and the starting material can be recovered after 
solvent removal. 

(CO) 4 Co—M—Co(CO) 4 - 

(43) 

{Cu[Co(CO)dJ- + nCHjCN [Cu(CH 3 CN)J + + 2[Co(CO)J- (108) 

Rh 2 Ag(PPh 3 ) 3 [C 2 (C e F 5 )] 5 (44) has been prepared by a reaction similar to 
that which gave Ir 2 Cu 4 (PPh 3 ) 2 (C 2 Ph) 8 (4, 46). The structure shows octa¬ 
hedral Rh coordination and tetrahedral Ag coordination. The 3.1 A 
Rh—Ag distances indicate that little metal-metal bonding exists. 
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Addendum 

Tabulated below are all the mixed-metal clusters that have been most 
recently reported. 

MnFe 2 (Cp)(CO) 8 (PPh 3 )(/i-PPh), MnFe s Cp(CO) 9 (/i-PPh) [G. Huttner, J. 
Schneider, H.-D. Muller, G. Mohr, J. Seyeryl, and L. Wohlfahrt, Angew. 
Chem. Int. Ed. Engl. 18, 76 (1979)]. 

Ru 3 Ni(Cp)(CO) 9 (C 2 C(H)Bu) [E. Sappa, A. Tiripicchio, and M. T. Ca- 
mellini, J. Chem. Soc. Chem. Commun. p. 254 (1979)]. 

MoFeCo 2 (Cp)(CO) ll (/a-PPh)(M-AsMe 2 ), MoCo 3 (Cp)(CO) n (/i-PPh)- 
(/i-AsMe 2 ), FeCo 2 (CO) 9 (/a-PPh), MoCo 2 (Cp)(CO) 8 (/ i i-AsMe 2 )(/ i i-PPh), 
MoFeCo(Cp)(CO) 8 (/i-PPh) [F. Richter, H. Beurich, and H. Vahrenkamp, 
J. Organomet. Chem. 166, C5 (1978)]. 

WFeCo(Cp)(CO) 8 (S), MoFeCo(Cp)(CO) 8 (S), MoFeCofCpXCOV 
(PPhMe 2 )(S), MoFeCo(Cp)(CO) 8 (PPhMe 2 )(S), CrFeCo(Cp)(CO) 8 (S) [F. 
Richter and H. Vahrenkamp, Angew. Chem. Int. Ed. Engl. 17, 864 
(1978)]. 

MoCo 2 (Cp)(CO) 8 (CR) (R = H, CH 3 , Ph), WCo 2 (Cp)(CO) 8 (CR) (R = H, 
CH 3 , Ph), CrCo 2 (Cp)(CO) 8 (CR) (R = H, CH 3 , Ph) [H. Beurich and H. 
Vahrenkamp, Angew. Chem. Int. Ed. Engl. 17, 863 (1978)]. 

MoFeCo 2 (Cp)(CO) 8 (M-AsMe 2 )(M-S), MoWFeCo(Cp) 2 (CO) 7 (/n-AsMe 2 )- 
(/li-S) [F. Richter and H. Vahrenkamp, Angew. Chem. Int. Ed. Engl. 18, 
531 (1979)]. 

[Fe 2 Ag(CO) 8 {CHC(Ph)NHMeKM-PPh 2 )] + [A. J. Carty, G. N. Mott, and 
N. J. Taylor, J. Am. Chem. Soc. 101, 3131 (1979)]. 

W 2 Pd 2 (Cp) 2 (CO)e(PEt 3 ) 2 , Mo 2 Pt 2 (Cp) 2 (CO)6(PEt 3 ) 2 [R. Bender, P. 
Braunstein, Y. Dusausoy, and J. Protos, J. Organomet. Chem. 172, C51 
(1979)]. 

Ru 3 Ni(Cp)(CO) 8 (C 8 H 9 ) [D. Osella, E. Sappa, A. Tiripicchio, and M. 
Camellini, Inorg. Chim. Acta 34, L289 (1979)]. 

FeCo 2 (i 7 5 -C 5 Me 5 ) 2 (CO) 8 [L. M. Cirjak, R. E. Ginsberg, and L. F. Dahl, 
J. Chem. Soc. Chem. Commun. p. 470 (1979)]. 

[Rh 6 CuC(CO) 15 (MeCN)]-, lRh 4 Pt(CO) 12 ] 2 -, [Rh 6 Ni(CO) 19 ] 2 -, lRh 9 Pt- 
(CO) 14 ] 2 -, [Fe 3 Pt 3 (CO) 15 ] 2 -, [Fe 3 Pt 3 H(CO) 15 ]-, [Fe^CO^] 2 ", 

[Fe 6 Pde(CO) 24 ] 4_ , [Ni 3 Pt 3 (CO) 12 ] 2_ (G. Longoni, U.S.-Italy Cooperative 
Science Seminar on the Chemistry of Cluster Compounds and Its Rela¬ 
tionship to Catalysis, Gargnano sur Garda, Italy, August 29-31, 1979). 

Rh s CuC(CO) 15 (MeCN) 2 (V. Albano, in U.S.-Italy Cooperative Science 
Seminar on the Chemistry of Cluster Compounds and Its Relationship to 
Catalysis, Gargnano sur Garda, Italy, August 29-31, 1979). 

FeCo 2 (Cp)(CO)e(C 2 R), FeCo 2 (CO) 9 (C 2 Et 2 ) (L. Milone, in U.S.-Italy 
Cooperative Science Seminar on the Chemistry of Cluster Compounds 
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and Its Relationship to Catalysis, Gargnano sur Garda, Italy, August 29- 
31, 1979). 

Co 2 Pt(CO) 7 (Ph 2 PCH 2 CH 2 PPhj) (P. Braunstein, in U.S.-Italy Cooper¬ 
ative Science Seminar on the Chemistry of Cluster Compounds and Its 
Relationship to Catalysis, Gargnano sur Garda, Italy, August 29-31, 
1979). 

WFePt(Cp)(CO) 5 (PPh s Me) 2 (CR) (T. V. Ashworth, M. Chetcuti, J. Mar- 
tin-Gil, J. A. K. Howard, M. Laguna, P. Mitrprachachon, R. Navarro, 
and F. G. A. Stone, Int. Conf. Organomet. Chem., 9th. Dijon, France, 
September 3-7, 1979). 

MnCo 2 (CO) 10 (E) (E = S, PPh, AsMe), MoCo 2 (Cp)(CO) 8 (E) (E = S, 
PPh, AsMe), MoCo^CpXCOM/a-AsMe^E) (E = S, PPh, AsMe) (H. 
Vahrenkamp, Int. Conf. Organomet. Chem. 9th. Dijon, France, Septem¬ 
ber 3-7, 1979). 

OsPt 2 (CO) s (PPh 3 ) 2 (C 4 H„), [Fe 2 Pt 2 H(CO)g(PPh 3 ) 2 ]-, Fe 2 Pt 2 H 2 (CO) 8 - 
(PPh 3 ) 2 ]“, Fe 2 Pt(CO) 8 (C 8 H 12 ) (L. J. Farrugia, J. A. K. Howard, and P. 
Mitrprachachon, Int. Conf. Organomet. Chem. 9th. Dijon, France, Sep¬ 
tember 3-7, 1979). 
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I 

INTRODUCTION 

The number of studies of organosilicon compounds as potential medic¬ 
inal and biological agents has expanded rapidly in recent years. In this 
article, the trends taken by these investigations are discussed. For more 
comprehensive coverage, the reader is referred to a number of recent 
reviews (1-12). 

The general pattern of research into the biological effects of organo¬ 
silicon compounds may be categorized into three major divisions: (a) 
polymeric material with (or, of more importance, without) biological 
action, (b) silicon derivatives of known active compounds, and (c) bio¬ 
logically active silicon compounds that do not have known carbon coun¬ 
terparts. This review will deal primarily with (b) and (c), the search for 
biologically active organosilicon compounds. 

Next to oxygen, silicon is the most common element in the earth’s 
crust. Many primitive plants and animals, such as horsetails ( Equisetum ), 
diatoms, and some sponges, use silicates as part of their skeletal com- 
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ponents, much as mammals use calcium compounds. Many higher plants, 
such as certain grains and conifers, also require silicates for normal 
growth. Until recently, it was thought that silicon compounds play no 
role in the biochemistry of the higher animals. Recent research, however, 
indicates that traces of silicates may be of importance in growth and 
reproduction. It has been reported that the presence of silicon compounds 
alters calcium metabolism (10). 

As far as we know, the incorporation of silicon into organisms involves 
silicon compounds in which each silicon atom is bonded to four oxygen 
atoms, as inorganic silicates or as silicate esters of such organic com¬ 
pounds as acid mucopolysaccharides and polyuronides (13). With the 
possible exception of certain bacteria, organosilicon compounds contain¬ 
ing the Si—C bond have not been found in living systems. For this 
reason, it might be expected that the incorporation of a silicon atom into 
an organic biological agent would render the agent toxic. This is indeed 
the case with most metals; for example, organometallics containing mer¬ 
cury or arsenic are poisonous. However, the fact that an organic com¬ 
pound contains a silicon atom does not necessarily result in toxicity; 
many organosilicon compounds are devoid of all pharmacological activ¬ 
ity. On the other hand, some organosilicon compounds are extremely 
active. It is therefore concluded that the silicon atom per se does not 
impart biological activity to a compound, but rather the unique shape 
and polarity of the compound are usually the important factors. 


II 

SILICON DERIVATIVES OF KNOWN ACTIVE COMPOUNDS 


A. Introduction 

There is a growing body of literature dealing with the pharmacology of 
organosilicon derivatives of known active compounds. Table I summa¬ 
rizes the results of many of the synthetic and pharmacological studies of 
silicon derivatives of biologically active compounds. Unfortunately, 
many potentially active silicon derivatives have been synthesized, but 
have never been subjected to extensive pharmacological testing. Some 
of these compounds have not been tested at all. Even in the reports in 
which pharmacological data are provided, it is unusual to find direct 
experimental comparisons of a carbon compound and its silicon analog. 
Thus, conclusions concerning the biological effects of silicon substitution 
must often be made on scanty data. 
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A silicon derivative of a biologically active organic compound usually 
shows an activity equal to, or (more commonly) less than, that of the 
parent compound. This is not a surprising observation. Compounds se¬ 
lected for derivatization have been widely used as drugs. Such com¬ 
pounds usually represent an optimization of structure in terms of absorp¬ 
tion, biotransport, ability to fit onto an active site, and detoxification. 
Placement of a silicon atom or a silyl group in such an optimized structure 
would be very unlikely to increase or even maintain the original activity. 
One example of an exception to this generalization is ethylmethylbis- 
(hydroxymethylcarbamoyl)silane (1), which has a greater sedative 
activity than its carbon counterpart (22). However, the carbon com¬ 
pound does not constitute the most active compound in its class. 

C 1 H s Si(CH I )(CH 2 OCONH,), 

(1) 

The pharmacological activity of a silicon-containing drug is often short¬ 
lived compared to that of the parent drug. This could be due either to a 
greater ease of metabolism, which appears to be the case with the mep¬ 
robamates (32), or to a greater ease of hydrolysis, as is reported for the 
benzhydryl ethers (22). Silicon derivatives of drugs may find practical 
use in situations where a short duration of drug activity is desired. 

Most of the silyl derivatives of biologically active compounds can be 
classed either as compounds having a silyl moiety substituted onto the 
parent skeleton or as compounds having a silicon atom instead of one of 
the atoms of the parent structure. In either type of derivatization, ex¬ 
amples for study must be chosen carefully because Si—H and Si—N 
bonds are substantially more reactive than C—H and C—N bonds. The 
Si—C bond and, to a lesser extent, the Si—O bond are biologically stable. 
For these reasons, a SiH 3 group would not normally be substituted for 
a CH 3 group or an NH 3 + group. Instead, the more bulky Si(CH 3 ) 3 group 
would usually be used. To avoid changes in biological activity that arise 
simply because of the bulk of the trimethylsilyl group, active compounds 
that contain a carbon or nitrogen atom bonded only to carbon and oxygen 
atoms are frequently chosen as parent compounds. Examples of com¬ 
pounds in which a silicon atom has been substituted directly for such a 
carbon or nitrogen atom are shown in Table II. 

Substitution of a silicon atom for another atom in a biologically active 
compound should provide clues to structure-activity relationships. The 
structural and electronic effects of silicon substitution are, to a reasonable 
extent, predictable. For example, substitution of a silicon atom for a 
carbon atom places a slightly larger, more electropositive, atom in the 



Classes < 

df Biologically 

TABLE I 

Active Organic Compounds and Their Organosilicon Derivativi 

=s 

Compound 
or class 

General type 
of activity 

Typical organosilicon 
derivative 

Reference 

Acetylcholine 

Cholinergic 

CH,CO,CH 1 CH 1 Si(CH J ), 

14 

Barbiturates 

Hypnotic 

9 /(QV-suciy, 

15 

M Benzhydryl ethers 

oo 

Anti-Parkinson, 

antihistamine 

PhtSiiCHjlOCHjCHjNiCH,), 

16 

Benzocaine 

Local anesthetic 

CjHjOjC —^—-NHSt(CH,) a 

17 

Carbachol 

Cholinergic 

O 

II 

N H 2 CCH 2 C H jSi (CH 3 ) 3 

18 

Chloramphenicol 

Antibiotic 

O 

II 

/-V NHCCHClj 

(CH 3 ) 3 Sl-/Qy—CHCHCHjOH 
'- OH 

19 

Ciclonium bromide 

Antispasmotic 

/•\v^Si(Ph)<CH 3 )OCH I CH 2 N(C s H. i ) 2 

Or 

20 



2-Iike 


Ganglion blocker 


Meprobamate Muscle relaxant 


Perathiepin Psychotropic agent 


^ Phenothiazine Psychotropic agent 


Prostaglandins 


Salicylic acid 


(CH 3 )aNCH I CH*CH 2 Si(CH»),OSi(CH,) I CH 1 CH il CH z N(CH a ) 3 21 



(CH^ 



(CHjJjCHtoHlCHjSitCHaJa 


24 


25,26 




TABLE I ( Continued) 


Compound 
or class 

General type 
of activity 

Typical organosilicon 
derivative 

Reference 



CH 3 


Steroids 

Estrogenic 

frT 

(CH,), 

28,29 

Sulfonamides 

Bacteriostatic 

11,0 —(O)— SQ i NHSl(CH 3 ) » 

30,31 
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TABLE II 

Selected Direct Silicon Analogs of Known Drugs 


Parent drug 

General structure 

Z 

Reference 

Acetylcholine 

CH 3 CO,CH 3 CH 1 Z(CH 3 ) 3 

N + ,C,Si 

14 

Carbachol 

HjNCOjCHjCHjZfCHa), 

N + ,C,Si 

18 

Meprobamate 

C 3 H,Z(CH 3 )(CH,OCONH 2 ) li 

C,Si 

22 

Benzhydryl ether 

Ph ! Z(CH 3 )OCH 3 CH,N(C I H 5 ) 3 

NH^Cl 

| 

C,Si 

34 

Phenylglycine ester 

PhCHCO^CHtlaZICH,), 

C,Si 

35 


structure. The result is a compound that usually has similar, but slightly 
different, physical and chemical properties. Some of these differences 
can be measured quantitatively (for example, partition coefficients; cf. 
Section II,B). To date, there have been no reported studies in which a 
silicon atom was used to help in the determination of the structure- 
activity relationships of a class of drugs. 


B. Silyl Groups as Space-Filling Groups 

Biologically active organic compounds contain both functional and 
space-filling groups. Both are usually necessary in order to impart activ¬ 
ity. Much synthetic work in medicinal chemistry revolves around varying 
the parameters of the space-filling portion of a molecule. The space-filling 
group is often a straight-chain or branched alkyl group. This group prob¬ 
ably provides hydrophobic character as well as a particular shape that 
allows the molecule to fit onto the active site. A pattern of increasing 
biological activity with increasing chain length, followed by decreasing 
activity after a “cut-off’ point, is very common. The barbiturates (2) 
provide a classic example. The parent of the class, barbituric acid (R, 
and R 2 = H), has no sedative activity. As the sizes of R, and R 2 are 
increased, sedative activity increases to a maximum, then decreases. 



Barbiturate 
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Silyl groups, which tend to increase lipid solubility, may be used as a 
substitute for alkyl branching in space-filling groups. Direct substitution 
of a silicon atom for a carbon atom increases the hydrophobic character 
of a compound, even without the addition of more alkyl groups. Table 
III lists the relative partition coefficients of two pairs of carbon and 
silicon compounds in octanol-water, a system used to approximate the 
lipid-water system within an organism. As may be seen from the table, 
the silicon compounds are two to five times more soluble in the octanol 
phase; this effect falls off with an increasing number of carbon atoms in 
the parent structure (36). 

On considering these data, it would be expected that silyl groups would 
increase biological activity requiring enhanced lipid solubility. The silyl 
group should be especially useful when increase in the length of a carbon 
chain will not impart the desired characteristics. To date, there is no 
report in which such a case has been specifically identified, although this 
would appear to be an interesting facet of organosilicon biological agents. 
Table IV lists a few compounds in which the silyl group appears to act 
only as a hydrophobic, space-filling group. 


C. Trimethylsiloxy Derivatives 

Trimethylsiloxylation is extensively used for analytical purposes; how¬ 
ever, only a few siloxy derivatives have been characterized and subjected 
to pharmacological testing. The inclusion of a trimethylsiloxy group 
(CH 3 ) 3 SiO— would be expected to increase the lipid solubility of a drug 
and thus to alter its transport and distribution within an organism. The 
silicon-oxygen bond can be hydrolyzed under physiological conditions; 
therefore, it would also be expected that the activity of a siloxy compound 
would arise from the parent drug, which would be released in vivo. There 


TABLE in 

Partition Coefficients of Some Carbon and 
Silicon Compounds in Octanol-Water” 


Compound 

Partition coefficient 

PhC(CH 3 ) 3 

1.0 x 1(P 

PhSi(CH 3 ) 3 

5.1 x 1(P 

PhCH(CH s ), 

4.6 x 10 s 

PhSiH(CH 3 )„ 

9.8 x 10 s 


See reference (56). 
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TABLE IV 

Selected Active Compounds Containing Silyl Space-Filling Groups 


Structure 

Activity 

References 

CH, 



H » C 4 i 

Active against peptic ulcers 

37 


'N^CH 2 Si(CH 3 ) 3 


Cr 

Sl(CH 3 )Ph, 

Sedative-hypnotic 

38 

COCH 2 Cl 

Herbicide 

39 

\^Si(CH3) 3 



-0 

>— SlCHjSdCH,), 

Anti-inflammatory, 
analgesic 

40 

0 

1 




HN^ 

hcHjCH^CHj 

S> 

Sedative 

IS 

H 




(CH 3 ) 3 SiCH,CH,CH,ONO ! 

Coronary dilator 

41 


is no indication in the literature that siloxylation alters the principal 
action of a drug (25-27, 42-48). 


D. Silylated Steroids 

Silylated steroids, especially steroids having sex-hormone activity, 
have been the subject of numerous investigations. There has been no 
comprehensive investigation of the general effects of silylation of ster¬ 
oids. From the activity noted for the sex hormones, such a study is 
probably warranted. 
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1. Silyl Groups Attached to a Steroid Ring 

Steroids having trimethylsiloxy groups attached to one of the rings 
have been reported. Although silylation of a hydroxyl group enhances 
lipid solubility, the silylation appears not to alter the activity of the 
steroid to any great extent. Compound 3, for example, has an activity 
equal to or less than that of progesterone when injected, but it has the 
same oral activity as pregnin (46). 



(3) 

Although the silicon-oxygen bond is hydrolytically unstable, the sili¬ 
con-carbon bond is stable toward hydrolysis (but not necessarily stable 
toward metabolic hydrolysis). It might be anticipated that a carbon-sily- 
lated compound would show less activity than the parent compound. 
However, compound 4 has four times the antifertility activity and 75% 
of the estrogenic activity of its carbon analog ethynylestradiol (49). Sim¬ 
ilar results have been reported for a (trimethylsilyl)methyl ether (5) of 
ethynylestradiol, which is reported to have estrogenic activity (50). These 
observations suggest that the side-chain space-filling requirements of this 
steroid have not yet been optimized. 



(4) (5) 


2. Silyl Groups within a Steroid Ring 

From a synthetic standpoint, the most interesting silylated steroids are 
those having silicon substituted for one of the carbon atoms of a ring. 
Only one such system has been reported, that of the 6-silasteroids. A 
number of these compounds, for example 7, have been screened for 
estrogenic, antiestrogenic, and postcoital antifertility effects; but no sig¬ 
nificant activity was noted (29). 
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(CHg ) 2 


Estradiol 6-Slla counterpart 

(6) (7) 

Using X-ray crystallographic techniques, McPhail and Miller deter¬ 
mined that the normal conformation of the A/B ring juncture in 8 is 
significantly altered by the presence of the silicon atom (51). Presumably, 
this alteration in stereochemistry, along with the bulk of the gem- dimethyl 
grouping (not found in active estrogens), is sufficient to cause loss of 
hormonal activity. 



E. Silyl and Siloxy Alkylamines 

In general, organic amines exhibit pharmacological activity. Organo¬ 
silicon compounds containing amino groups are no exception. In fact, one 
of the first organosilicon compounds reported to have an abnormally high 
toxicity was a 8-silylalkylamine (9) (52). 

(CjHjOJjSitCHjlCHjCHjCHjCHjNH, 

(9) 

A variety of silylated alkylamines showing a wide diversity of biological 
activity have been studied. For example, a series of silylated amines is 
reported to have long-term insect-repellent activity (up to 30 days); com¬ 
pound 10 is typical of the group (53). Silylalkylamines having quaternary 
ammonium groups, such as 11, have been reported to have curare-like 
activity (54). 

[(C 4 H,) 1 NCH > CH,0],Si(CH J ), 

(10) 
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[(CH a ) 3 NCH l CH 2 CH I Si(CH 3 ),],X 21" X = CH,,0 


Other investigators report silylated amines having antimicrobial (55- 
57), anticoagulant (55), spasmolytic (55), psychotropic (59), anti-inflam¬ 
matory, analgesic, sedative, and hypnotic activity, as well as utility in 
the treatment of peptic ulcers (57). Voronkov reviewed many of these 
studies (2, 4, 10). 

Because of the wide spectrum of activity shown by amines, definitive 
conclusions concerning structure-activity relationships cannot be made 
at this time. However, studies using single test systems reveal that the 
most active silylated amines contain the silicon atom in a y position 
relative to the nitrogen, as shown in partial structures 12 and 13 (55, 56). 
Some examples of compounds containing these groupings are found in 
Tables I and II. The silylated benzhydryl ethers (Section II, F) and sila- 
tranes (Section III ,C) also contain this type of grouping. 

I / \ / 

—SiCH,CH,CH t N —SiOCH,CH,N 

I \ I \ 

(12) (13) 

The activity of these particular groupings probably arises in part from 
the distance between the nitrogen atom and the hydrocarbon branch (at 
the silicon atom). A similar structure-activity relationship has also been 
noted in carbon systems (60). However, the silicon-nitrogen system may 
assume a cyclic conformation in which the unshared electrons of the 
nitrogen are coordinated with the d orbitals of the silicon atom (14). The 
potential for such a structural feature does not exist in most carbon 
systems. Silicon-to-nitrogen coordination is an important feature of the 
silatranes (61, 62), although physical evidence for such coordination in 
open-chain silylalkylamines is lacking (52). 



(14) 


F. Silylated Benzhydryl Ethers 

The benzhydryl ethers constitute a class of drugs that exhibit antihis¬ 
tamine activity and also find use in the treatment of tremors characteristic 
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of Parkinson’s syndrome. The parent compound of the class is diphen¬ 
hydramine (15), an antihistamine. The benzhydryl group has been the 
subject of extensive investigation, and useful activity is found even in 
such distant congeners as trihexylphenidyl (16), an antitremor agent (63). 


PhjCHOCHjCHjNfCH^, Ph(C„H 11 )C(OH)CH 2 CH 2 N^_ 

Diphenhydramine Trihexylphenidyl 

(15) (16) 

The synthesis and pharmacological testing of the silicon analogs of 
benzhydryl ethers have been the subject of a number of investigations 
(16, 20, 33, 64). In most cases, the benzyl carbon atom is replaced by a 
silicon atom. (Because of the relative instability of the Si—H bond, the 
SiCH 3 group replaces the benzyl CH group.) In general, such silicon 
compounds as 17 possess the same type of biological activity as their 
carbon counterparts; however, they are generally less active and shorter- 
acting. The toxicities of the silylated drugs (LDso ~ 150 mg/kg) are 
equivalent to that of 16, which is used clinically as an antitremor agent 
in Parkinson’s syndrome. However, doses of 32-50 mg/kg of the silicon 
compounds are required to inhibit tremorine-induced tremors for 1 hour, 
and almost-toxic doses are required to block the tremors completely (34). 

Ph^ilCHslOCHjCH.NlCjHs), 

(17) 

Silicon analogs that are not readily hydrolyzed (that is, that contain no 
SiO bond), such as 18 and 19, also show antitremor activity, but to a 
lesser extent. Doses of 20-40 mg/kg resulted in 0-8% inhibition after 1 
hour, compared to 60% inhibition by 16 at a dose of only 10 mg/kg (65). 

PhjSi(CH 3 )CHjOCH,CH,N(CjH 5 ) 2 Ph t Si(CH s )CH l! CH l CH J N(C l H 5 ) ! 

(18) (19) 

Silylated benzhydryl ethers containing a quaternary nitrogen atom, 
such as 20, are reported to be anticholinergic agents of short duration 
( 66 ). 


PhjSi(CHj)OCHjCHjN(CHj)s Cl~ 


(20) 
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III 

SILICON BIOLOGICAL AGENTS WITHOUT CARBON ANALOGY 

A. Introduction 

One of the most exciting areas of organometallic research today is that 
of organosilicon biological agents that do not have carbon analogs. Be¬ 
cause of the unique characteristics of the silicon atom, it is possible to 
synthesize organosilicon compounds whose carbon counterparts are 
chemically unstable. The classical case is that of the polysiloxanes and 
cyclosiloxanes. The carbon analogs of this class of compounds would be 
polymeric or oligomeric ketals. Polysiloxanes (21) are stable, whereas 
polyketals (22) are quite fragile. 

R R R R 

—O—SI—O—SI—O -O-c-o-C-O- 

R R R R 

PolysUoxane Polyketal 

(21) (22) 

Two major classes of organosilicon compounds having unique biolog¬ 
ical activity have been discovered in recent years: phenylsiloxanes, such 
asc7.s-2,6-diphenylhexamethylcyclotetrasiloxane (23), which shows estro¬ 
genic activity; and the silatranes (24), which exhibit wide-ranging biolog¬ 
ical effects, depending on the structure of the R group. 

?h 

CHy-Sl-O-SUCH,). 

, V 

(CH,)jSl—O—Sji—CH, 

Ph 

PhenylcyclosUoxane SUatrane 

(23) (24) 


B. Slloxanes 

Most polysiloxanes and cyclosiloxanes possess no biological activity. 
Up into the late 1960s, it was assumed that all polysiloxane fluids were 
biologically inert. At that time, the totally unanticipated discovery at 
Dow Corning Corporation in the United States that some phenyl-con- 
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taining polysiloxanes possess potent estrogenic activity totally altered 
that view. Because silicone fluids are used extensively in industry, as 
well as in cosmetics and food processing, this observation caused great 
concern within the industry. Many silicone fluids were investigated by 
workers within and outside of those firms most affected by the discovery. 
The conclusions of these investigators are that a phenyl group is needed 
for activity, and that the dimethylpolysiloxane fluids are bland (67-69); 
however, the search for potentially detrimental (or useful) effects of 
polysiloxanes continues. 


1. Biological Effects of c\s-2,6-Diphe nylhexamethy Icy clot etrasiloxane 
(23) 

Of all the siloxanes studied, compound 23 has the greatest biological 
activity. Although its toxicity is low (LD M >5000 mg/kg), 23 has potent 
hormone-like activity similar to that of such known estrogens as estradiol 
benzoate. Administration of 23 to rats, mice, rabbits, rhesus monkeys, 
and dogs results in marked changes in the genital organs. This action is 
species-dependent. Guinea pigs do not show the same response. 

When 0.1-10 mg/kg of 23 is administered to a male animal, either as 
a single oral dose or over a period of time (2-20 days), blood testosterone 
levels drop, and atrophy of the testes, prostate, and epididymis is ob¬ 
served. Sperm death also occurs (70-73). In beagle dogs, the ability to 
ejaculate is also impaired (73). In the female, compound 23 causes hy¬ 
pertrophy of the uterus lining and dilation of the uterine glands, as well 
as disruption of the estral cycle. When given to pregnant females, 23 
causes loss of the fetus, especially if administered prior to implantation 
of the fertilized ovum (74-76). This compound has been patented as an 
antifertility agent (77, 78). 

Bennett and Le Vier reported that 23 also increases the dopamine 
content of the brain; thus it has possible use in the treatment of Parkin¬ 
son's syndrome (79). Because of its effect in decreasing the size of the 
prostate gland, the compound also may have value in the treatment of 
prostate cancer (80). 

2. Structure and Biological Activity 

The unique hormonal activity of siloxanes is limited to methylaryl- 
substituted, linear di- and trisiloxanes and cyclic tri- and tetrasiloxanes 
(67, 75, 76, 81). In general, at least one arylsilicon grouping is necessary 
for activity. The substitution of an alkyl group for a phenyl group either 
decreases the activity markedly or eliminates it entirely. Cyclosiloxanes 
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are more active than linear siloxanes, and cyclotetrasiloxanes are more 
active than cyclotrisiloxanes. Of the cyclotrisiloxanes, only the trans-2,4- 
diphenyl isomer is active; the cis isomer is devoid of activity. Cyclopen- 
tasiloxanes are inactive. Figure 1 lists some siloxanes and cyclosiloxanes 
that exhibit estrogenic activity. 

The conformations of both cis- and trans -23 have been studied. The 
eight-membered ring of the more active cis isomer is in a boat confor¬ 
mation, whereas the trans isomer has a chair conformation (82) (see Fig. 
2). In both conformations, the phenyl groups are projected in equatorial 
positions. 


CH, 

Ph^ S1 "0-Sl"°VCH, 

O H,C S kph 

HjC—SI-O 



CH S 


cis -(23) 


trans - (23) 


Why cis-23 elicits a biological response similar to that of a steroid is not 
known, although some preliminary studies indicated that the response 


PhSi(CH,) a OSi(CH s ) 1 ,Ph 

(CHj ) 2 

r Sk ? 

Ph(CH.)Si Si(CH,)Ph 
'O 

cis and trans 


CILCHj 

/ \ 

PhtCHjlSi^ ySi(CH,)Ph 


(CH,) a Si — O—SilCHjJj 

o i w, 

(CH,)jSi—O—Si —(Q) 


Ph(CH 3 )Si—O—Si (CH 3 ) J 

o o 

(Ctt^Si-O-SifcHsJPh 
cis and trans 


(CHjJjSi—O—Sl(CH,) 2 
O O 

(CH^ 2 Si—O—Si(CHj)Ph 


(CH,),Si—O—Si (CH,) 2 
O O 

(CH s ),Si-0-Si(H)Ph 


Fig. 1. Some siloxanes having estrogenic activity. For more complete listings, including 
inactive siloxanes, see Refs. (76) and (81). 
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arises from antigonadotropic activity of the siloxane (which is partly 
concentrated in the pituitary gland) and also to direct antiandrogenic 
activity (70, 83). 

Besides the estrogenic activity of some phenylsiloxanes, otherwise- 
inert siloxane polymers can act as “holders” for other active groups. For 
example, a polymer containing quaternary ammonium groups and sulfo¬ 
nate or sulfate surfactant groups can be applied to a glass surface; the 
treated surface is rendered permanently bacteriostatic and fungistatic. 
Aquarium systems with filters containing a similar polymer remain free 
of algae (84). A more recent report deals with anticoagulant activity of 
heparin-containing silicone polymers (83). These effects probably have 
little to do with the siloxane structure, but are due to the attached active 
groups. 


C. Silatranes 

Another promising area of research in organosilicon biological chem¬ 
istry is that of the silatranes (24), which are siloxyalkylamines having the 
structure of a three-winged cage. These compounds show a wide range 
of toxicity in mammals and a variety of biological activities. Arylsila- 
tranes (R = aryl), for example, are extremely toxic substances, with 
LD 50 values of 0.1-10 mg/kg, whereas alkoxysilatranes (R = alkoxy) are 
reported to be virtually nontoxic (2). 

1. Toxicity 

Silatrane itself (R = H) has an LD 50 of —100 mg/kg. In general, the 
aryl- and thienylsilatranes are more toxic, and the alkyl-, alkenyl-, and 
alkoxysilatranes are less toxic. It was reported that there is a direct 
relationship between the toxicity and the rate of hydrolysis of the silicon- 
oxygen bonds, a more rapidly hydrolyzed silatrane being less toxic (56). 

The extreme toxicity of the arylsilatranes has found practical applica¬ 
tion. (p-Chlorophenyl)silatrane has been marketed in the United States 
as a rat poison. This compound has the dual advantages of not being 
dermally absorbed by humans and of being rapidly deactivated in vivo, 
so that the dead rats are not toxic (7, 87). 

2. Sublethal Activity 

Toxicity is an important biological test and is also a signpost that other 
types of activity will be noted for the toxic compound at sublethal levels. 




Fig. 2. Above: ORTEP plot showing configuration (right) and packing diagram (left) for m-2,6-diphenylhexamethylcyclotetrasiloxane. 
Below: Similar diagrams for lr«n.s-2,6-diphenylhexamethylcyclotetrasiloxane. In the ORTEP plots, thermal ellipsoids are scaled to 50% 
probability, and hydrogen atoms are indicated by equally large spheres. The packing diagrams are both projections along the b axis of the 
crystals. The black, dotted, and open circles represent O, Si, and C, respectively. Reprinted with permission from M. Soderholm and D. 
Carlstrom, Acta Chem. Stand. Ser. B 31, 193 (1977). 
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Of more potential medicinal interest are those members of a class of 
compounds-that are nontoxic, yet still possess potent activity. Of the 
silatranes, two nonaryl and nontoxic members have attracted consider¬ 
able attention: chloromethylsilatrane (R = C1CH 2 —), also referred to in 
the literature as mival, and ethoxysilatrane (R = C 2 H 5 0—), also called 
migugen. 

The diverse biological effects of these two compounds have been in¬ 
vestigated extensively by Voronkov and co-workers at the Irkutsk Insti¬ 
tute of Organic Chemistry of the USSR. It was reported that these 
silatranes promote the healing of burns and wounds, growth of hair and 
fur, egg production in hens, growth of chicks (as well as of male rats and 
male lambs), and silkworm production (88-95). In addition, ethoxysila¬ 
trane (as well as other silatranes) is reported to have potent anticancer 
activity, especially in conjunction with other chemotherapeutic agents 
(7, 96). Table V surveys the toxicities and biological activities of some 
silatranes. Voronkov has reviewed the earlier work on silatranes (2, 4, 
7, 8, 10, 97). 

It is considered that the activity of these silatranes is due to stimulation 
of protein synthesis (especially collagen) within the cells. Indeed, studies 


TABLE V 

Activity of Selected Silatranes 


Silatrane 

LD m (mg/kg) 

Biological effects 

References 

Unsubstituted 

100 

_ 

10.86 

Aryl 

Phenyl 

0.33 

Analeptic" 

10 

p-Chlorophenyl 

1.7 

Analeptic 

to 

p-Tolyl 

0.20 

Analeptic 

to 

3,5-Dimethyl-1-phenyl 

14.7 

— 

10 

Nonaryl 

Alkyl 

3000 

Antimicrobial, anticoagulant; 
growth stimulant (chicken) 

10.89,91 

94.98.101 

102 

Benzyl 

1115 

— 

2 

Chloromethyl 

Nontoxic 

Promoter of hair growth and 
wound healing, anticoagulant, 
antitumor, growth stimulant 
(chicken) 

7.10.88 

89.91.93 

98.101 

Ethoxy 

3000 

Anticoagulant, antitumor, 
silkworm stimulant 

10.94.95 

98.101 

Fluoroalkyl 

— 

Sedative 

103 

Morpholinomethyl 

- 

Antitumor (mice) 

104 


“ Stimulates motor activity and respiration. 
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have shown that administration of methyl- and chloromethylsilatranes 
does promote protein and collagen production in chick embryos (98). It 
is also interesting that the natural silicon content of animals is highest in 
the connective tissue, lungs, skin, bones (especially the epiphysis, or 
growing end), and hair or feathers (99. 100). 


IV 

DETOXIFICATION AND ELIMINATION OF SILICON COMPOUNDS 

Literature reports concerning the metabolism of organosilicon com¬ 
pounds are sparse. The information available indicates a rather normal 
detoxification pattern, as long as the chemical characteristics of silicon 
are taken into account. 

Such volatile organosilicon compounds as trimethylsilanol are expelled 
via the respiratory tract as well as in the urine (4). Some ingested silox- 
anes, such as n-butylpentamethyldisiloxane (25), pass through the gas¬ 
trointestinal tract unchanged and are eliminated in the feces (105). Some 
water-soluble organosilicon compounds, such as dimethylbis- 
(hydroxymethylcarbamoyl)silane (26), are absorbed after ingestion and 
are eliminated unchanged in the urine (32). 

C 4 H 9 Si(CH,),OSi(CH J ) s (CHjtjSifCHjOtCNHj), 

(25) (26) 

However, most organosilicon compounds are metabolized after inges¬ 
tion or injection, and their metabolites are eliminated. For example, 
silameprobamate (27) undergoes w - I hydroxylation, following the same 
pattern as meprobamate itself. The difference in the metabolism of the 
two compounds is that the silicon compound also undergoes silicon- 
carbon cleavage to yield a silanol that can be isolated from the urine as 
a disiloxane (32); see Eq. (1). 

OH 

I 

C 3 H J Si(CH 3 )(CH 1 0£NH J ) J - CH 3 CHCH^Si(CH 3 )(CH l O^NH,), - 
(27) a - 1 hydroxylation 

HOSifCHsKCH^DjCNH,), —disiloxane ^ 
cleaved 

Phenylsilanes (PhSiR 3 ) undergo in vivo hydroxylation at the para po¬ 
sition (106), as shown in Eq. (2). This is a common detoxification pathway 
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for aryl groups in nonsilicon compound as well. Of the compounds stud¬ 
ied to date, silicon-phenyl cleavage has been insignificant. This lack of 
cleavage is surprising, considering the hydrolytic instability of the sili¬ 
con-aryl bond when the aryl group contains an electron-withdrawing 
group such as OH. 

^—St(CHj ) 3 ———^ HO-^sttog, + Sl(dg,CH,,OH (2) 

Silicon-methyl groups also undergo hydroxylation in vivo (106). Again, 
such methyl-hydroxylation is also observed for carbon compounds. There 
is evidence that directly methyl transfer from the silicon (without prior 
oxidation) also occurs (107). In this respect, the silicon-methyl group 
behaves like other metal-methyl groups. Because of the ubiquity of 
silicon-methyl groups in compounds under investigation as potential 
drugs, further investigation into the fate of the silicon-methyl bond is 
warranted. 

The silicon-hydride group is rapidly oxidized to a silanol group in vivo, 
according to one report (106). The silanol was isolated as the elimination 
product; see Eq. (3). 

PhSi(CH,),H ‘ nVtm * PhSi(CH,),OH (3) 

This instability of silicon hydrides is not surprising; in the laboratory 
these compounds are excellent reducing agents. However, the instability 
of the Si—H bond is disappointing because of the limitations it places on 
preparing silicon analogs of active carbon compounds. Most C—H bonds 
are stable in vivo, but a compound having a Si—H bond would be readily 
detoxified and eliminated. 


V 

SUMMARY 

A variety of organosilicon compounds possess biological activity. The 
activities are probably not attributable to the silicon atom per se, but 
rather to the structure as a whole. Research in the area of organosilicon 
biological agents can be divided into two major sections; (1) substitution 
of a silicon atom onto or into a known active compound; and (2) inves¬ 
tigation of the activities of organosilicon compounds without known car¬ 
bon analogs. In general, work in the silicon-derivative area has indi¬ 
cated that the fundamental activity of the parent structure is retained, 
although usually to a lesser degree than is found with the parent structure. 
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To date, no dramatic enhancement or unique activities have been re¬ 
ported. 

The area of active organosilicon compounds without carbon analogy 
appears to offer the greatest potential for future discovery. Unfortu¬ 
nately, this area of research is, to a large degree, governed by chance 
observations rather than by logical research plans. Consequently, it be¬ 
hooves all investigators in organosilicon chemistry to have their com¬ 
pounds tested whenever possible. 
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I 

INTRODUCTION 

Since the discovery of bis(cyclopentadienyl)iron, carbocyclic 7r-com- 
plexes involving the aromatic ligands C 8 H 8 2- , C 7 H 7 + , C 6 H 6 , C 5 H 5 _ , and 
C4H4 2- have been intensively studied with respect to their structure, 
bonding, and reactivity. However, electron-rich heterocyclic systems 
have received far less attention. This article focuses on the ligand prop¬ 
erties of Lewis acid boron heterocycles and reports on the newest de¬ 
velopments in the expanding field of triple- and tetra-decker sandwich 
compounds. From structural and bonding considerations, metal com¬ 
plexes with electron-poor boron heterocycles link together the separately 
developed areas of classical hydrocarbon 7r-complexes (l,la) and metallo- 
boron/metallocarborane cluster compounds (2). Boron-rich ligands with 
bridging hydrogen atom(s) will not be discussed here. Grimes (5) has 
reviewed metal sandwich complexes of cyclic planar ligands (e.g., 
B 4 H 8 2_ , B 5 H 10 _ , and C 2 B 3 H 7 “, the structural and electronic analogs of 
C 4 H 4 2_ and C 5 H 5 _ ) as well as pyramidal ligands containing boron. Organo- 
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boron transition-metal compounds including ^-complexes have been de¬ 
scribed by Schmid ( 4 ). For a review on the borabenzene anion and its 
transition-metal complexes, see Allen and Palmer (8). 

A. Boron Heterocycles as Lewis Acids 

Replacement of carbon atoms by boron atoms in 7r-carbocyclic and 
heterocyclic systems leads to a wide variety of planar Lewis acid boron 
heterocycles (5, 6). The electron-deficient boron atoms generate unusual 
properties for some of these ligands, which, however, depend upon the 
exocyclic substituent at the boron as well as on the number and nature 
of the remaining ring atoms. The latter are responsible for the donor 
capacities of the ligands. Successive replacement of CH groups in the 
cyclopentadiene ring (1) with the borene group BH creates the seven 
cyclic species 2 through 8, having the B b C 5 _„ skeleton with n = 1-5 (7). 
Of these boron compounds, only the borole (2) (8-10) and the 1,3-dibor- 
olene (3) (11) (one hydrogen atom added) have an independent existence. 
The 1,2-isomer 4, a cyclic -xr-allyl ligand, has not yet been prepared. 
Because of their high electron deficiency, species 5 through 8 cannot 
exist as planar rings, but adopt polyhedral structures. According to the 
(2 n + 2) electron rule (n - number of framework atoms) for cluster 
compounds (12-14), isomers 5 and 6 should have closo structures since 
the required 12 skeletal electrons are present. In the polyhedral electron- 
count theory, each vertex atom in an n-vertex closo system supplies 
three valence orbitals for cluster bonding. Because one electron of each 
vertex atom is used in bonding the external ligand (substituent), it is not 
included in the framework electron count. Thus, each :BH group donates 
two, and each iCH three electrons to occupy the (n + 1) bonding 
molecular orbitals. A trigonal-bipyramidal structure is also expected for 
the yet unknown anions of 7 and 8, (B 4 CH 5 )“ and (B 5 H 5 ) 2_ . 

Further replacement of carbon by nitrogen and sulfur in 2 and 3 affords 
the heterocycles 9 through 16, of which all but species 10 are known. 



(1) (3) (5) (7) 


(2) M (6) (8) 


Fig. 1. Successive substitution of CH with BH groups in C 5 H 5 . 
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(9) (10) (11) (12) 



(13) (14) (15) (16) 


Fig. 2. Five-membered mono- and diboraheterocycles. 

Six-membered Lewis acid ligands can be derived from benzene by 
substituting boron, nitrogen, and sulfur for carbon. Of the possible het¬ 
erocycles, only a few are listed. The boracyclohexadiene (17) exists as 
a ir 6 anion (C 5 H 5 B—R", borabenzene anion) prepared by two different 
methods (15, 16). The 1,4-diborine ring in 18 is a difunctional Lewis acid, 
of which derivatives with fluoro, alkoxyl, or ferrocenyl substituents at 
the boron have been reported (17, 18). According to electron-counting 
rules, derivatives with hydrogen at the boron are expected to rearrange 
to the known n/Jo-tetracarbahexaborane, a carborane with a pentagonal- 
pyramidal structure (19). 

Formal replacement of two carbon atoms in 18 by nitrogen gives the 
l,2-diaza-3,6-diborine system (19), which is isoelectronic with benzene 
(20). Among boron nitrogen compounds, the borazine derivatives 20 have 
been widely studied as ligands (21, 22). Tricarbonylmetal complexes of 
the six-electron ligand borthiine (21) have been reported (23). The smaller 
boron heterocycles 22 and 23 increase the range of potential ligands. 
Although the borirene ring of 24 is isoelectronic with the cyclopropenyl 
cation, of which several complexes are known, neither 24 nor any other 
complex of this species has been reported. The cation 24 + is frequently 
observed in the mass spectra of 1,2,5-thiadiborolenes (12) (24). 


B. Transition-Metal Complex Fragments as Lewis Bases 

The aforementioned boron heterocycles act as strong electron accep¬ 
tors toward transition-metal moieties if the other ligands present have 

ti r f i tx i? 

(17) (18) (19) (20) 

Fig. 3. Six-membered boron heterocycles. 
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.a a a 

(21) (22) (23) (24) 

Fig. 4. Borthiine (21) and some small boron heterocycles. 


fewer than six donor electrons. The heterocycles 13-16 and 19-21 are ir 6 - 
ligands and therefore react preferentially with such d 6 -metal complex 
fragments as Cr(CO) 3 , Mn(T) 5 -C 5 H 5 ), or their homologs to form diamag¬ 
netic 18-valence-electron complexes. The five-electron ligands 9, 10, and 
17 are one-electron acceptors, to complete the it 6 system. In a broader 
sense, they are to be compared with t)-C 5 H 5 and therefore should react 
with such d 7 fragments as Mn(CO) 3 or Fe(r)-C 5 H S ), yielding diamagnetic 
complexes, whereas paramagnetic species are obtained with d n complex 
fragments when n =£ 7. The four-electron ligands 2, 11, 12, and 18 are 
expected to act as two-electron acceptors, thereby forming diamagnetic 
mono- and dinuclear complexes with d 8 and d 7 fragments. The latter 
should possess triple-decker structure. Among the boracycles (2-24), the 
1,3-diborolene (3) is the only example of a three-electron acceptor. Other 
possible candidates would be the 1,2-diborolene (4) and ligands with a 
CB 3 X skeleton (X = S, N—R, P—R). 

Typical three-electron-donor transition-metal fragments (/2c, 25) are 
the (i 7 6 -C 5 Hs)Ni and the (CO) 3 Co groups, which form mononuclear com¬ 
plexes with 3. However, 3 can also hold two metal moieties donating (1 + 
2), (2 + 2), (2 + 3), and (3 + 3) electrons because slightly antibonding 
orbitals in the triple-decker complexes are then occupied. The planar 
ligands 5, 6, 7, and 8 with the formal acceptor capacities of 4, 5, and 6 
electrons should only exist in dinuclear complexes when stabilized by a 
pair of (2 + 2), (2 + 3), and (3 + 3)-electron-donor moieties (7). 


C. Considerations of Bonding in n-Complexes and Clusters 

Electron counts according to the 18-electron rule are restricted to 
mono- and dinuclear complexes if the latter have no ^'-ligands. For 
triple- and tetra-decker complexes the 18-electron rule has to be trans¬ 
formed into the 30- and 42-valence-electron rule by adding d 6 + it 8 (or 
o- 6 ) electrons once and twice. 

Replacement of two carbon atoms in nickelocene by boron leads to 
complex 26 having the ir 6 /d 6 arrangement to which cluster formalism can 
be applied. The diamagnetic sandwich 26 is isoelectronic with ferrocene 
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O <rp 

(25) (26) (2 6') 

Fig. 5. Description of 1,3-diborolenylcyclopentadienylnickel (26) by the ir'/d* and clus¬ 
ter formalism. 


(25). According to the u^/d 8 formalism, 26 should contain d 6 nickel. 
However, such a high charge separation (7r 8 /d 8 /7r 8 ) is unrealistic. The 
probable ttW/tt 4 electron configuration comes near to that calculated by 
the extended Huckel (EH) method (26). 

As an alternative to the aromaticity formalism commonly used, com¬ 
pounds containing electron-deficient elements in addition to metal atoms 
can be regarded as clusters. The diamagnetic nickelocene analog 26 is 
built of a double-cone structure (26') that consists of two nido clusters. 
Each nido unit having n = 6 framework atoms needs, according to the 
electron rule, 2 n + 4 (i.e., 16) skeletal electrons to hold the C 3 B 2 Ni and 
the C 5 Ni frameworks together. The electrons needed are supplied by C 
(3 x 3), B (2 x 2), and Ni (3) for the C 3 B 2 Ni skeleton and by C (3 x 5), 
Ni (1) for C 5 Ni. Thus, four electrons of d 10 nickel, as in the 7r 6 /d 6 system- 
atics, are counted for cluster bonding. The total number of electrons 
involved in the bonding between the eleven framework atoms can be 
listed as follows (27): 

bonding electrons 2 x (r 10 + 2 x it 6 + d 6 = 38 
aromaticity formalism 2 x 7r 6 + d 6 = 18 

cluster formalism 2 x o- 10 + 2 x 7r 6 = 32 

In the 7r 6 /d 6 formalism no cr electrons are counted whereas, in the 
cluster description, the d 6 electrons are omitted. Therefore, both bonding 
considerations are equivalent. In such paramagnetic sandwich complexes 
as (C 5 H 5 )Ni(C 2 B 2 S) (28) (2 x 7r 6 /d T ; C 2 B 2 S = 12) and (CsH^Ni (2 x 7 r 6 / 
d 8 ), the unpaired electrons occupy antibonding molecular orbitals (MOs), 
which results in a lengthening of the metal-ring distance. According to 
the cluster description, one or both nido structures would have 17 elec¬ 
trons; therefore, a small structural change is expected. 

In clusters composed solely of main-group elements, the following 
electronic relationship between closo, nido, and arachno structures has 
been found (12, 29): 


'closo ;=± nido arachno 
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If two electrons are added to the 2n + 2 count of a closo system, the 
cage opens to a nido structure, because a strong antibonding orbital is 
filled (a nido structure is derived from closo, where one vertex of the 
polyhedron is not occupied). However, this does not always apply for 
clusters with transition metals incorporated into the framework. Addi¬ 
tional electrons in closo and nido species may occupy slightly antibonding 
orbitals, resulting only in distortion rather than opening of the cage (29b). 

The aromaticity and cluster formalisms are also applicable for triple- 
and tetra-decker complexes with five-membered rings. 


Metal 
complexes 
Bonding 
electrons 3 
Aromaticity 
formalism 
Cluster 
formalism 


Triple-decker sandwich 
a 10 + 3 x w" + 2 x d‘ = 60 
3 x w“ + 2 x d* = 30 
3 x o 40 +3 x it* = 48 


Tetra-decker sandwich 
4 x o -10 + 4 x it 8 + 3 x d« = 82 
4 x it* + 3 x d 6 = 42 
4 x o- 10 + 4 x ir« = 64 


If ligands smaller or larger than the cyclopentadienyl ring are incorpo¬ 
rated, the total number of bonding electrons used for the cluster descrip¬ 
tion will vary, whereas the number for the aromaticity formalism is not 
changed. 

Additional d electrons on the metals increase the number to be counted 
in the aromaticity formalism. As this can be applied by two metals (d 8 -* 
d 8 ), the family of triple-decker sandwich complexes should consist of 
members having 30, 31, 32, 33, and 34 valence electrons. Analogous to 
the 17-valence-electron ferricenium cation, obtained by oxidation of fer¬ 
rocene, 29-valence-electron species (7r*/dV7r 8 /d 8 /7r 8 ) would be expected to 
be stable, and this has been confirmed by chemical and electrochemical 
studies (see Section III). 

Hoffmann and co-workers (30) have carried out EH calculations for 
the first triple-decker sandwich, the 34-valence-electron (3 x 7 t 8 /2 x d 8 ) 




- 0 “ O 
-«o>- o 
■o- 

(26) (29) 


Co 

• b Q- 



(30) 


Fig. 6. Triple-decker sandwich complexes having 30-34 valence electrons. (Compound 
27 has 34; 28 and 30, 30; and 29, 33 valence electrons.) 
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tricyclopentadienyldinickel cation (27) (31, 32). In the MO diagram for 
the diamagnetic 27, the ef niveau is completely occupied, whereas in the 
30-valence-electron species 28 and 30 it is empty. With the 1,3-diborolene 
3 as bridging ligand, the complete family of triple-decker compounds with 
30 to 34 valence electrons (34 valence electrons are present in 29~) have 
been prepared (33, 34). Complex 30 and its 2,3-isomer (carbon atoms in 
adjacent positions) represent the first examples of a neutral triple-decker 
sandwich compound (35). 


II 

MONONUCLEAR COMPLEXES 


A. Complexes Having Three-Electron Ligands 


1. 1,3-Diborolene (rf’-Cifid 

Thermal reactions of 1,3,4,5-tetraethyl-2-methyl-1,3-diborolene (3) 
with nickelocene or cyclopentadienyl(carbonyl)nickel dimer in mesity- 
lene yield the orange-red diamagnetic complex 1 26 (64%), and the deep- 
green paramagnetic triple-decker sandwich 29 (20%). The sandwich struc¬ 
ture was proposed on the basis of ‘H- and “B-NMR data and confirmed 
by an X-ray structure analysis (36, 37). In the nonplanar C 3 B 2 ring, the 
unique carbon atom between the two boron atoms is above (+0.167 A) 
the plane defined by the remaining ring atoms. The ring center-nickel 
distances are: C 3 B 2 —Ni 1.656 and C 5 —Ni 1.715 A. All metal-carbon 
distances are similar to those of ferrocene (2.063 ± 0.003 A). Although 
26 is isoelectronic with ferrocene, it is less reactive toward electrophilic 
substitution. The reduced electron density in the C 5 H 5 ring is also evident 
from ‘H- and 13 C-NMR data, which show a downfield shift relative to 
the NMR signals of ferrocene by 0.87 and 23.55 ppm, respectively. These 
findings are supported by EH calculations (26). In contrast to 26, the 
yellow half-sandwich 31 (Scheme 1) is formed at room temperature from 
3 and [Co 2 (CO) 8 ] in low yield (increased to 16% by using [HCo(CO)J as 
the starting material) (38). The formation of several unidentified com¬ 
pounds, as well as Co 4 (CO) 12 , and CO insertion into the 1,3-diborolene 
ring prevent higher yields (vide infra). Compound 31 shows v(CO) 2080(s) 

1 In most figures in this review, substituents R on the boron rings have been omitted for 
clarity. However, in the text, where specific derivatives are involved, ring substituents are 
indicated as follows: 26 (R = C 2 H 5 ) and 31 (R = C 2 H 5 ). 
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[(C 5 H 5 )NI(CO)] 2 



(3) r = C 2 H 5 H-CoCC 0^4 

-Hj.-CO 


R >JL< R 

CHj 


(26) 

( c °) 3 



(31) 


( 1 ) 


( 2 ) 


Scheme 1. Synthesis of cyclopentadienyl-l,3-diborolenylnickel (26) and 1,3-diborolen- 
yltricarbonylcobalt (31). 


and 2030(vs) cm -1 and 8 n B = 30.8 ppm. The upfield shift in the “B- 
NMR spectrum relative to the 1,3-diborolene 3 (8 = 68.6 ppm) is 37.8 
compared with 33.3 ppm for the sandwich complex 26. 


2. l-Oxa-2,6-dihoracyclohexene (r) 3 -C 3 BtO) 

Attempts to synthesize the electron-deficient sandwich 32, isoelec- 
tronic with bis(allyl)nickel, resulted in the formation of the unusual com¬ 
plex 33 (15%) (39). The X-ray structure analysis proved that each of the 
1,3-diborolenyl ligands has incorporated one CO molecule and rearranged 
to an allylic system in which a diboryloxo unit bridges the allyl to afford 
a six-membered ring. The C 3 B 2 0 ring is not planar since the oxygen and 
boron atoms are bent away from the nickel (B and O deviate from the C 3 
plane by 0.4 and 0.7 A; Ni—C 2.07, Ni—B 2.55, and Ni—O 2.70 A) (39, 
40). *H- and 13 C-NMR data indicate that one substituent R in the molecule 
(3- or 5-position) is not an ethyl, but a vinyl, group. The insertion of CO 
into the free ligand 3 occurs at room temperature, yielding a ~1:3 mixture 
of the heterocycles 1,2,6-oxadiboracyclohexene (C 3 B 2 0) and 1,2,5-ox- 
adiboracyclohexene (C^aCO). 2 (See Fig. 7.) 


3. l-Borato-l,3-cycloheptadiene (i) 4 -C e B) 

For information on l-borato-l,3-cycloheptadiene, see Section II,B,2. 


* Both rings carry an exocyclic =C(H)CH, group, as indicated by ‘H-NMR spectroscopy. 
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02 ) 


Fig. 7. The expected 32 and a 
and Ni(CO) 4 . 



H* =CH 2 
(33) R*CjH 5 


reaction product (33) isolated from 1,3-diborolene (3) 


B. Complexes Having Four-Electron Ligands 
1. Borole (rf-CJ}) 

Blue pentaphenylborole (2) reacts with Fe 2 (CO) 9 or Ni(C0) 4 , yielding 
the complexes 34 and 35, respectively (10). Compound 34 was formed 
from l-phenyl-4,5-dihydroborepin and Fe(CO) 5 by ring contraction in 
boiling mesitylene. In these complexes, the four-electron ligands are 
pentahapto-bonded to the metal moieties. The IR spectra exhibit three 
strong CO absorptions for the tricarbonyliron complexes, viz., 34 (R = 
C 6 H 5 ): 2056, 2001, and 1992 cm"* (hexane); 34 (R' = C 2 H 5 ): 2067, 2007, 
and 2000 cm -1 (hexane), and two for 35: 2073 and 2031 cm -1 (hexane). 
The high-field “B-NMR signal of 35 (19.6 ppm) demonstrates the involve¬ 
ment of the boron atom in complex bonding. (See Fig. 8.) 


2. Borncyclodienes (rf-XCJi, rf-Ctfi, rf-CJi) 

Formal ring expansion of 1-boracyclopentadiene (borole) with C(CH 3 ) 2 , 
Si(CH 3 ) 2 , and (CH^ leads to six- and seven-membered boracycles. The 
ligands X(CH=CH) 2 B—C a H 5 [X = QCH*)*, Si(CH 3 ) 2 , or (CH,)*] have 
been obtained from the corresponding stannacyclohexadienes by treat¬ 
ment with C«H 5 BC1 2 . They react photochemically with Fe(CO) s and 
(tj-C s H 5 )Co(CO) 2 , to yield [X(CH=CH) 2 B—C 6 H 5 ]Fe(CO) 3 (36) and 
[(H 3 C) 2 C(CH=CH) 2 B—C 6 H s ]Co( 7 ) -C 5 H s ) (37), respectively (41). The 



(2) R s CgHg (34) (34) R-C^ (35) 


Fig. 8. Borole (2) and borole-carbonylmetal complexes. 
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constitution of these complexes was derived from IR, 1 H-, and U B- NMR 
spectroscopy. Again, the upfield shifts of 22-31 ppm in the n B-NMR 
spectrum upon complexation of the ligands indicate the participation of 
the boron atoms in complex bonding. An X-ray structural analysis of 36 
[X = Si(CH 3 ) 2 ] proved that the Si(CH 3 ) 2 group is not in the BC 4 plane 
but is bent away from the Fe atom (C—Fe 2.15-2.22, Si—Fe 2.94, and 
B—Fe 2.26 A). Analogous to l-phenyl-4,5-dihydroborepin-tricarbonyl- 
iron [36, X = (CH 2 ) 2 ], tetracarbonyl metal complexes 38 (M = Cr, Mo, 
W) have been prepared photochemically from M(CO) a or thermally from 
l(CH 3 CN) 3 Cr(CO) 3 ] and [(H 5 C 5 N) 2 M(CO) 4 ] (42). The dihydroborepin- 
tetracarbonylmetal complexes exhibit a higher thermal stability (decomp. 
140-180°C) than the corresponding 1,5-cyclooctadiene compounds. In 
the NMR spectra, the 'H and 13 C signals of the olefinic carbon atoms 
and the n B signals (A8 = 25-28 ppm) are shifted to high field upon 
complexation. 

Irradiation of [(T 7 -C 5 H 5 )Mn(CO) a ] in the presence of l-phenyl-4,5-di- 
hydroborepin (L) yields the thermolabile compound [(Tj-CjHjOMnfCOlL] 
(42). 

During an attempt to synthesize a boracycloheptadienylrhodium com¬ 
plex from l-phenyl-4,5-dihydroborepin, LiC(CH 3 ) 3 , and [Rh( 1,5- 
C g H 12 )Cl] 2 , the t>-1 ,5-cyclooctadiene (l-4-Tj-l-phenyl-l-borato-l,3-cyclo- 
heptadiene)rhodium 39 was obtained (43). Presumably, the unexpected 
formation of 39 (60%) occurs by addition of a rhodium-hydride compound 
(formed by elimination of isobutylene from a f-butylrhodium complex) to 
the 4,5-dihydroborepin. Its constitution is deduced from l H- and n B- 
NMR data. The bora-5,6,7-trihydroborepinyl acts as an ally! ligand and 
thus contributes three electrons to complex bonding. (See Fig. 9.) 

3. 1,4-Diboracyclohexadienes (t) 8 -C 4 B 2 ) 

By cocondensation of boron monofluoride with alkynes, Timms (17) 
obtained 1,4-difluoro-1,4-diborines (1,4-difluoro-1,4-dibora-2,5-cyclo- 
hexadienes). With the l,4-difluoro-2,3,5,6-tetramethyl-l,4-diborine (18a) 


<co) 3 cco) 4 (COD) 

Fe Co M Rh 

(36) (37)Rf-CH 3 (3 6) (39) 


Fig. 9. Six- and seven-membered boracycle-metal complexes. 
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several complexes [18aFe(CO) 3 , 18aCo(C s H 5 ), (18a)-Ni(CO) 2 , and 40a] 
have been prepared and characterized by spectroscopic methods (44). X- 
Ray structure analysis of 18a and 40a showed that the ligand is also planar 
in the complex, having the four donor groups in tetrahedral positions. 
On complexation, the B—C bond is shortened from 1.56 to 1.53 A, which 
is explained by a d-electron flow into (B— C)n orbitals (44, 45). 

Herberich and Hessner (18) discovered a new route to 1,4-diboracy- 
clohexadienes by treatment of 1,1,4,4-tetramethyl-l ,4-distanna-2,5- 
cyclohexadiene with ferrocenyldibromoborane Fc—BBr 2 [Fc = 
(C 5 H 5 )Fe(C 5 H 4 )]. The obtained compound (18b) undergoes controlled 
methanolysis, yielding CH 3 0—B(CH=CH) 2 B—OCH 3 (18c), which was 
characterized as the nickel complex [{CH 3 0—B(CH=CH) 2 B—OCH 3 } 2 Ni] 
(40c). The methoxyl groups in 40c can be replaced with methyl by using 
A1 2 (CH 3 ) 6 . Upon complexation of 18b and 18c with the metal, the n B- 
NMR signals (at 40.9 and 35 ppm) shift to 31 for 40b and to 29.5 ppm for 
40c. 'H-NMR data suggest a cyclic conjugation in the C 4 B 2 ligand of 40b 
and 40c. (See Scheme 2.) 

4. 1,2,5-Thiadiborolene (rf*-CJi 2 S) 

Several 3,4-diethyl-l,2,5-thiadiborolene derivatives (12; R = C 2 H 5 ) ob¬ 
tained via redox reaction from (IBS) 3 , BI 3 , and 3-hexyne (24), have been 
studied with respect to their acceptor properties toward metal-ligand 
fragments. The synthesis of these complexes can be achieved thermally 
or photochemically (46, 47). The thermostable orange-red to deep-red 
tricarbonyliron complexes 41 [X = H, Cl, Br, I, CH 3 , C 6 H 5 , SCH 3 , 
OC 2 H 5 , N(CH 3 ) 2 ] are sensitive to moisture, with the exception of the 
organic derivatives. Presumably, the nucleophilic attack of H 2 0 occurs 



(18b) (40b) 


Scheme 2. Synthesis of 1,4-diboracyclohexadiene-metal complexes. 



312 


WALTER SIEBERT 


at the uncomplexed side of the C 2 B 2 S ring. The high reactivity of the 
iodo derivative allows controlled replacement of the iodine in the complex 
by H (with LiBH 4 ), by OC 2 H 8 (with Et*0, via ether cleavage) and by 
N(CH 3 ) 2 (with Me 2 NH). Spectroscopic data indicate that the bonding 
situation between the ligand and the Fe(CO) a fragment is characteristi¬ 
cally influenced by the Lewis acidity of the boryl group B—X. The ligand 
acts as a two-electron acceptor, a concept supported by Mossbauer, “B- 
NMR, and X-ray studies. The A8 n B values (15 to 53 ppm) increase with 
X in the following order: N(CH 3 ) I < OC 2 H 5 < C*H 5 < SCH 3 < CH a < 
Cl < Br < I. It is significant that reduction of the ligand 12 (X = C 6 H 5 ) 
with potassium to the diamagnetic violet-red dianion results in an ll B- 
NMR upfield shift of 17.5 ppm, similar to that observed on complexation 
with Fe(CO) s (28). In the IR spectrum, three CO bands are observed 
(with the exception of the dimethylamino derivative) [a t : 2034(s), e: 
1966(vs) cm -1 ]. The ai mode varies between 2075 (X = Br) and 2034 
cm -1 , which reflects the decreasing acceptor properties of the ligand in 
41, X going from Br to NfCH^j. 

Kruger and co-workers (47) studied several thiadiborolene complexes 
by X-ray diffraction. A significant shrinking of the B—C bond length of 
the planar 2,5-bis(dimethylamino)-3,4-diethyl-l,2,5-thiadiborolene [B—C 
1.59, B — S 1.84, C=C 1.36 A] occurs on complexation with Fe(CO) s , 
whereas the B—S and C—C bonds lengthen (B—C 1.54, B—S 1.88, 
C — C 1.45 A). The excellent ligand properties of the thiadiborolene ring 
are best documented by the ability of benzothiadiborolene (12; X = CH S , 
RR = HC=CH—CH=CH) to react with Fe a (CO) B , yielding the deep-red 
compound 42 (67%). Two electrons of the benzo system are used for rj 5 - 
bonding, as suggested by n B- (8 = 26.4 ppm) and 13 C-NMR (51) data, 
and proved by X-ray diffraction results (46). The distances in the benzo 
ring of 42 clearly demonstrate the fixation of the ir 8 -system as a cyclo- 
hexatriene having four long (1.42-1.45 A) and two short (1.36, 1.34 A) 
C—C bonds. The other relevant distances are: C—C 1.45, B—C 1.53, 
1.52; B—S 1.87; C—Fe 2.22, 2.20; B—Fe 2.28; and S—Fe 2.34 A. The 
short B—C bonds and the Mossbauer data are in agreement with the 
qualitative picture that the antiaromatic C 2 B 2 S ring accepts two electrons 


Fig. 10. 


(CO), (C °>3 

R x_/ R Fe ? M 

"'Or 

(12) (41) (42) R=CH 3 (43) 

1,2,5-Thiadiborolene (12) and 1,2,5-thiadiborolene-metal complexes. 
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from the Fe(CO ) 3 fragment, forming a thiadiborolene dianion [C t B 2 S 2_ ] 
isoelectronic with thiophene. 

Cyclopentadienyl(l,2,5-thiadiborolene)cobalt (43; M = Co, X = CH 3 ) 
(48) and the paramagnetic nickel sandwich (43, M = Ni, X = CH S ) (28) 
have been obtained from the ligand 12, [(C 5 H 5 )Co(CO) 2 ], and 
[(C 8 Hn)Ni(CO)] 2 . As observed in the cyclopentadienyl-l,3-diborolenyl- 
nickel complex 26, the electron density at the C 5 H 5 ring is decreased in 
the cyclopentadienylthiadiborolenemetal sandwich complexes. An elec¬ 
trophilic attack of BX 3 , which, in the case of ferrocene, leads to the 
mono- and diborylation products [Fc—BX 2 , FcfBX^j (49)], does not 
occur at the C 5 H 5 ligand, but at the thiadiborolene ring, resulting in 
replacement of a methyl group by halogen (50). 

In contrast to compound 43 (M = Co), the 19-valence-electron 
sandwich 43 (M = Ni) is extremely air-sensitive. On heating to 120°C, 
ligand exchange occurs, yielding nickelocene and yellow-orange 
bis(thiadiborolene)nickel (44), which is also obtained from 1,2,5- 
thiadiborolene (12; X = CH 3 ) and Ni(CO)* (52). In the first step, 1,2,5- 
thiadiborolene-dicarbonylnickel (45) is formed. For thiadiborolene nickel 
complexes, the expected tetrahedral arrangement of the electron-donat¬ 
ing groups (S and C=C) was proved for the sandwich 44 by X-ray 
structural analysis (Ni—C 2.12-21.5; Ni—B 2.15-2.25; Ni—S 2.30, 2.34 
A) (52). The parallel rings are rotated by ~90° in the crystal and in 
solution so that two different B-methyl groups are observed in the ‘H- 
NMR spectrum. However, in the U B-NMR spectrum, only a broad signal 
at 37 ppm appears. Molecular orbital calculations indicate a substantial 
barrier to internal rotation in thiadiborolene complexes (53). The tetra¬ 
hedral position is 8.3 kcal/mol more stable than the planar arrangement 
of the four electron-donating groups in 45, for which a “slipping” from 
17 5 - toward ^-coordination is predicted. 

Like Ni(CO ) 2 and Fe(CO) 3 , the Cr(CO ) 4 fragment acts as a two-electron 
donor. Heating Cr(CO ) 6 and 12 yields the tetracarbonyl complex 46, 
whereas photolysis produces the bis(thiadiborolene)dicarbonylchromium 
[(C 2 B 2 S) 2 Cr(CO) 2 ], in addition to 46 (54). The dicarbonyl compound is 



(44) (45) (46) (47) 

Fig. 11. Mono- and bis(thiadiborolene)metal complexes. 
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also obtained from [(C fl H„)Cr(CO) 3 ] and 12 (X = CH 3 ). From 'H-NMR 
and IR data, it was concluded that the CO groups are cis-arranged, each 
having a sulfur atom of ligand 12 in trans position. The red-violet 
bis(thiadiborolene)carbonyliron complex 47 has been obtained from 12 
(X = CH 3 ) and Fe(CO) 5 in a photolytic reaction (39). An X-ray structural 
analysis (39, 40) revealed that the electron-donor groups build a square- 
pyramidal structure in which the two thiadiborolene rings are oriented 
trans to each other, and the CO is in apex position (Fe—C 2.20-2.24; 
Fe—B 2.30, 2.39; Fe—S 2.33; Fe—C^=0 1.79 A). Attempts to eliminate 
the CO group from 47 to form the 16- and 18-electron sandwich complexes 
[(C 2 B 2 S) 2 Fe] and [(C 2 B 2 S) 2 Fe] 2_ have failed. However, the isoelectronic 
anion 90 is obtained by “destacking” the triple-decker sandwich 84 with 
C 5 H 5 “ (55). In an analogous reaction, [(C 2 B 3 S)Mn(CO) 3 ]" is formed from 
[(CO) 3 Mn(C 2 B 2 S)Fe(C 5 H 5 )] and C 5 H 5 - (56) (see Section IV,B). 

5. 1,2,5-Azadiborolene (rf-CSjy) 

The four-electron ligand 11 (57), obtained from 12 (X = CH 3 ) and 
[(CH 3 ) 3 Sn] 2 NCH 3 , is a weak ligand in comparison with borole (2) and 
thiadiborolene (12). Due to the reduced donor and acceptor properties of 
11, complexes 48, 49, and 50 are only accessible, photochemically or 
thermally, in moderate yields. From the upfield n B-NMR shift (A8 = 28- 
34 ppm), it is obvious that the 1,2,5-azadiborolene ligand is pentahapto- 
bonded to the metal (57). In the IR spectrum, the aj mode for the Fe(CO) 3 
group in 48 is found at KCO) 2045 cm -1 , which indicates the weaker 
electron-acceptor properties of 11 in comparison with 12 (a, = 2058 cm" 1 
in 41; X = CH a ). The complexes 48-50 exhibit lower thermal stability 
than the analogous thiadiborolene compounds. (See Fig. 12.) 

C. Complexes Having Five-Electron Ligands 
Borabenzene (rj e -C 5 B) 

Formal replacement of a CH group in benzene by boron should lead to 
borabenzene (borine, C 5 H 5 B), which is not known. Two synthetic ap- 



(11) (48) (49) (50) 


Fig. 12. 1,2,5-Azadiborolene (11) and 1,2,5-azadiborolene-metal complexes. 
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proaches to the borabenzene anion 17 have been reported. In 1970, 
Herberich and co-workers (15, 58a) discovered the ring expansion of 
cobaltocene with boron halides (e.g., CH 3 BBr 2 , C 8 H 5 BC1 2 , BC1 3 , 
C 6 H 5 BBr 2 , BBr 3 ), yielding 51, 52, and 53. The dark-red paramagnetic 
complexes 51 (R = CeHs, CHa) are thermolabile and very air-sensitive, 
whereas the red paramagnetic compound 52 and yellow diamagnetic spe¬ 
cies 53 are thermo- and air-stable. The formation of these borinato-cobalt 
complexes proceeds by insertion of the borylene group R—B: into the 
C 5 H 5 ring, as in the reaction of cobaltocene with geminal dihalides H 2 CX 2 . 
In the initial step, an exo -attack of RBX 2 on cobaltocene occurs, leading 
to [(C 5 H 5 ) 2 Co] + X- and (C 5 H 5 )Co(C 5 H—BR(X)). The latter is unstable 
and rearranges to 53, which is reduced to the neutral complex 51 by 
cobaltocene. The second insertion of R—B: into the C 5 H 5 ring of 51 is 
much slower than the first, yielding bis(borinato)cobalt (52) [Eqs. (5)- 
(7)]. Both of the neutral complexes 51 and 52 are easily oxidized by FeCl 3 
solution, affording the diamagnetic complexes 53 (58b, 59). Surprisingly, 
the oxidation product obtained from 52 [R = C e H 5 ] is not the 
bis(borinato)cobalt cation, but the cyclopentadienylborinatocobalt cation 
53, isolated as the hexafluorophosphate in quantitative yield. This ring 
contraction is suppressed if such basic solvents as H 2 0 and CH 3 OH are 
excluded. Oxidation of 52 with iodine or [Fe(C 5 H 5 ) 2 ] + PF 6 - leads to 
(52) + I 3 - and (52) + PF 6 ~, respectively. The salts are extremely sensitive 
toward protonic solvents (59), forming 52 and 53. 

3[Co(C 5 H s ),] + R—BX, - 2 [Co(C 5 H 5 )j] X + [(C 5 H 5 )C<XC 5 H 5 B—R)] (5) 

(51) 

5[Co(C 5 H 5 )j] + 2R—BX, -^CofC^,),]X + [ColC^B—R),] (6) 

(52) 

SIColCsH,),] + 3R— BX, — 2[(C s H s )Co(C s H,B—R)] + A* + [Co(C 3 H 5 B—R),] (7) 

A' = RBX 3 - 

(53) (52) 

(52) + 3Fe 3+ + 2H,0 — (53)+ 3Fe 2+ + 2H + + RB(OH), (8) 

3<52) + PF 6 - + 2CH 3 OH — 2(52) + (53) + PF # - + 2HPF 6 + C„H 5 B(OCH 3 ) 2 (9) 

^ -Q> I s 

O CO Co Co X® 

? O?-" <O 0 ^ O-" 

(17) (51) (52) (53) 

Fig. 13. Borabenzene anion (17) and borinatocobalt complexes (51-53). 



316 


WALTER SI EBERT 


It was concluded from *H- and "B-NMR data for the cationic borinato 
complexes and from the mass spectra of the neutral compounds that the 
borinato ligand is hexahapto-bonded. X-Ray diffraction analysis (60) of 
the bis(borinatocobalt) complexes (52, R = CH 3 and OCH 3 ) proved the 
proposed structures. In both centrosymmetric molecules, the nearly 
planar rings are parallel to each other. The Co—B distances are 2.28 and 
2.35 A, and the Co—C distances vary between 2.06 and 2.24 A. This 
indicates that the cobalt atom is not symmetrically placed with respect 
to the borinato rings, but slightly slipped from the center of the rings 
toward the para -C atom (about 0.14 and 0.19 A). 

In an attempt to expand the c/oso-3-(T) 5 -C 5 H 5 )-3-l,2-Co(Tj 5 -C 2 B 9 Hn) to 
a 13-vertex metallocarborane, Hawthorne (58c) observed the insertion of 
C e H s —B: into the C S H S ring, leading to the phenylborinato complex 
C 8 H 5 -(i7 8 -C 6 H 5 B)-3-l,2-Co(r} 5 -C 2 B 9 H u ) when the anion of the cobalta- 
carborane was reacted with phenylboron dichloride. 

The second synthetic approach to the borinato (borabenzene anion) 
ligand was developed by Ashe and co-workers in 1971 (16, 61). The 
exchange reaction of l,l-dialkylstannacyclohexa-2,5-diene with phenyl¬ 
boron dibromide yields the corresponding 1-boracyclohexadiene. On 
treatment with t-butyllithium, the borinato ligand is produced, which 
reacts with ferrous chloride to give red-orange bis(l-phenylborinato)iron 
(61), first reported by Herberich el al. (62) (vide infra). In analogous 
reactions, the methyl- and f-butylborinato iron complexes have been ob¬ 
tained. 

Recently Herberich and co-workers (63, 64) described an elegant two- 
step synthetic route to borinato ligands by heating bis(borinato)cobalt 
complexes in acetonitrile with KCN or NaCN. The cyanide degradation 
of borinato complexes proceeds quantitatively to insoluble metal cyanide 
and borinato ligands. 

Co(C 5 H 5 BR) 2 + 2KCN > 2K(C 5 H s BR) —^ r >M(C s H s BR) a (10) 

After filtration, the solutions were used directly for the synthesis (64) of 
diamagnetic [Ru(C 5 H 5 BR) 2 ], [Os(C 5 H 5 BR)*], [(LS-CgH^RMCsHgBR)], 
[(CH 3 ) 3 Pt(C 5 H 5 BR)], and paramagnetic [Cr(CgH 5 BR) 2 ] (65) (R = C e H 5 , 
CH 3 ) as well as for the light-yellow thallium borinates T1[C 5 H 5 BR] (R = 
C e H 5 , CH 3 ). The latter are the first borabenzene derivatives of a main- 
group metal isolated in pure form (66). Their properties are similar to 
those ofTlC 5 H 5 . 

In the paramagnetic electron-rich bis(borinato)cobalt complexes, the 
labilized metal-ligand interaction allows ligand exchange and transfer to 
other metals. The phenyl derivative of complex 52 reacts in boiling 



Boron Heterocycles in Metal Complexes 317 

toluene to give borinato-tricarbonylmanganese (67), whereas with 
Ni(CO) 4 under similar conditions ligand exchange occurs to yield dicar- 
bony 1 (1 -phenylborinato)cobalt (68). By treating 52 (R = CH 3 , C„H 5 ) with 
iron carbonyls, bis(borinato)diirontetracarbonyl complexes are obtained, 
for which a doubly CO-bridged cis-structure was proposed on the basis 
of IR data (62). The structures of the (l-phenylborinato)tricarbonyl- 
manganese and di-pt-carbonyl-dicarbonylbis( l-methylborinato)diiron 
(54) have been determined by X-ray crystallographic methods (69). 
In both molecules the slightly acentric 7r-bonded borinato rings are 
almost planar (54: Fe — B 2.30, Fe—C 2.19-2.14 A). Pyrolysis of 54 at 
230°C affords the corresponding bisborinato-iron (C 5 H 5 BR) 2 Fe (55a; 
R = C 8 H 5 ) in good yield. 

[CotCjHsBR),] + MnjtCO),,, — [(QH } BR)Mn(CO) 3 ] (11) 

(52) 

52 + Ni(CO)< — [(C5H,BR)Co(CO)d (12) 

52 + Fe*(CO)» - [(C s H}BR)Fe(CO) 2 ] s (13) 

(54) 

A third route to borinato complexes (70) involves thermal reaction of 
4,4-dimethyl-1-phenyl-l-bora-2,5-cyclohexadiene with Mn 2 (CO)i 0 and 
Re 2 (CO) 10 , yielding 56 (M = Mn, Re). Upon heating the boracyclohex- 
adiene complex 57, bis(4-methyl-l-phenylborinato)iron (55b; R = H) is 
obtained by elimination of CH 3 , CO, and iron. In addition, higher meth¬ 
ylated borinato complexes (e.g., 55c, R = CH 3 ) have been isolated from 
the reaction mixture (70). 

The synthesis of neutral borinato complexes of transition metals dem¬ 
onstrates the close structural and electronic relationship of this n e ligand 
to CsHg and to C S H S -, respectively. Herberich and co-workers (71) stud¬ 
ied cationic and anionic species of the type [LM(C 5 H 5 B—CgH 5 )] + (L = 
Ligand), obtained by oxidation of neutral compounds or by reacting 
thallium phenylborinate with 

H 5 C 6-<Cll^ CH 3 

R 

(55b) 

Fig. 14. Bis(borinato)iron (55) and borinato-tricarbonylmetal complexes (56) (M = Mn 
or Re). 


metal halide complexes. These cations are 

(CO ) 3 (CO ) 3 

H 3 C-<^2>- C 6 H 5 

(56) (57) 
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much more electrophilic than the corresponding cyclopentadienyl com¬ 
plexes (LM(CsH 5 )] + . With nucleophiles, three types of reaction are ob¬ 
served. Nucleophilic addition of pyridine at the boron atom of 51 yields 
58. The cyanide ion causes ring contraction of the cobalt complex, 
whereas the rhodium and iridium complexes [(C 6 (CH 3 ) 6 M(C 5 H 5 B—CeH 5 )] + 
form stable donor-acceptor compounds (59). Sodium borohydride reacts 
with [LM(C!iH 5 BR)] + in acetonitrile to yield three products (R = CgH 5 ) 
by addition of H _ at the carbon atom. The addition of such nucleophiles 
as NH S , RNH 2 , R 2 NH, OH", or CN" to t(C 3 H 8 )Co(C 3 H 5 BR)] + (R = 
CaH 6 ) results in quantitative ring contraction in the presence or absence 
of oxidizing reagents (7]a). 

---» (Co(C,H,B—C,H S ),]I. (n —3) (14) 

[Co(C 5 H 5 B-C„H s ),] 

FeC|H>)ilPF| > [Co(C 5 H s B-C a H 5 ),PF, + [FetC^.),] (15) 

> [(C,(CH,),)M(C t H»B-C.H 8 )r (16) 

[T1(C,H,B-C,H S )] 

1 l(C.H.)Ru(C s H,B-C.H 8 )r (17) 

[LM(C 5 H 8 BR)] + [LM(4-H-C S H S BR)J + [LM(6-H-CjHjBR)] ^ 
+ [(LH)M(CsHjBR)] 

ML % % % 

Co(C 5 H s ) 12 30 51 

Co(CsH 5 BR) 30 38 — 

Rh{Cj(CHj) s } 20 21 60 

[(C 1 H 5 )Co(C 6 H 5 BR)] + [Co(C 8 H 5 )J + + {RBX 3 - } ( 19) 

3[(C 8 H 5 )Co(C 5 H s BR)] t [Co(C s H 5 ) s ] + + 2[(C 5 H s )Co(C 8 H 5 BR)] (20) 



(58) NC ^5 (59) CN 

Fig. 15. Reaction products of borinato complexes with pyridine and cyanide. 
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This ring contraction by extrusion of the borylene group is the reverse 
of the insertion of R—B: into the C 5 H 5 ring of cobaltocene. The struc¬ 
tures of these cationic species and their reaction products with nucleo¬ 
philes have been elucidated by 1 H- and “B-NMR and 1R studies. In 
particular, the bonding situation at the boron was deduced by “B-NMR 
data, with shifts ranging from 8 24 to 17 for penta- and hexahapto com¬ 
plexes in which the boron atoms are invovled in complex bonding. The 
pyridine addition products of type 58 exhibit n B shift values of 8 -7 to 
-23 (upfield of external Et 2 0-BF 3 ), which proves the interaction of the 
pyridine with the boron atom. 

Oxidation of the air-sensitive cyclopentadienyl(borinato)iron com¬ 
plexes (60; R = CH 3 , C 6 H 5 ) with silver salts or (NHJjCefNO.,),, in meth¬ 
anol gives quantitative yields of monosubstituted ferricenium salts 
[(C 5 H 5 )Fe(C 5 H 4 R)] + . This reaction is a new type of ring contraction in 
which the borinato ligand is converted into a monosubstituted cyclopen- 
tadienyl ligand by migration of R from the boron to the a-C atom. 
Similarly, bis(borinato)iron complexes are oxidized, yielding mono- and 
disubstituted cations [(C 5 H 5 )Fe(C 5 H 4 R)] + and [Fe(C 5 H 4 R) 2 ] + , depending 
on the reaction conditions ( 71b). 

—^ 7 -* [(C 5 H 5 )Fe(C 5 H 4 R)] + + B(OH) 3 + 4H + (21) 

(C 5 Hj)Fe(CjH 5 BR) 

(60) ,,,C —" ^ (CsH^FetCeHiCH,)]* + RB(OH), (22) 

(61) 

Another interesting reaction has been observed in attempting a Friedel- 
Crafts acetylation of compound 60. A unique ring-member substitution 
takes place, forming [(C 5 H 5 )Fe(C 6 H 5 CH 3 )] + (61) and RB(OH ) 2 after hy¬ 
drolysis (71b). When applied to bis(borinato)iron, two products 
([(CH 3 C 6 HjdFe(C 5 H 5 BCH 3 )] + and/or the known (61) 2-acetyl derivative 
of [Fe(C 5 H 5 BCH 3 ) 2 ] + ) are obtained. For the 19-valence-electron cobal¬ 
tocene, a polarographic half-wave potential of -1.88 V in acetonitrile 
was found (72). However, the anion is quite unstable at room tempera¬ 
ture. Bis(borinato)cobalt (52; R = CH 3 , CgH 5 ) shows half-wave potentials 
at -0.018 and -1.245 V for the methyl and +0.045 and -1.105 V for the 
phenyl derivative of 52. The anion S2~ appears in the cyclic voltammo- 
gram as stable (73a). Again, this demonstrates that borinato ligands are 
stronger acceptors and weaker donors than the C 5 H 5 ligand. 

Cyclic voltammetry of (borinato)cyclopentadienyliron and of 
bis(borinato) complexes of iron, chromium, and vanadium revealed oxi- 



320 


WALTER SIEBERT 


dation of the iron complexes with varying degrees of reversibility, de¬ 
pending on the solvent. Bis(borinato)iron is reduced in tetrahydrofuran 
(THF) to the corresponding anion, which is also obtained by reduction 
with K/Na alloy in THF. The chromium complexes reversibly give anions 
and cations, and the vanadium compound forms an anion. The potentials 
of all these electronic transitions are shifted to more positive values with 
respect to the isoelectronic metallocenes (73b). 

Reduction of 52 with sodium amalgam produces Na[Co(C 5 H 5 BR) 2 ] 
compounds having 20 valence electrons. The phenyl derivative has a 
magnetic moment p. en = 2.97 ± 0.1 /t B in THF solution. Metathesis with 
[P(C e H 5 ) 4 ] 4 Br yields the stable salt [P(C fl H 5 ) 4 ][Co(C 5 H 5 BC 8 H 5 ) 2 ] with p. eH 
= 2.89 ± 0.05 fi B . Reactions of the anions with nucleophiles afford 
products having one diene ligand (either l-bora-2,5-cyclohexadiene or 
l-bora-2,4-cyclohexadiene), which are also obtained by adding H~ to 
the corresponding cations [Co(C 5 H 5 BR) 2 ] + . Thermal decomposition of 
the anions in the presence of diene ligands leads to complexes of the 
type (cod)Co(C 5 H 5 BC a H 5 ) (cod = 1,5-cyclooctadiene) and (nbd)Co- 
(C 5 H 5 BC 8 H S ) (nbd = norbornadiene) (74). INDO-SCF molecular orbital 
calculations for bis(borabenzene) metal complexes M(C 5 H 5 BR ) 2 (R = H; 
M = Cr, Mn, Fe, Co; R = CH 3 ; M = Fe, Co) have been reported (75). 
The results show that the borabenzene ligand is an intermediate between 
7 r-C 5 H 5 and 7 t-C 8 H 8 in its bonding characteristics. For the 
bis(borinato)cobalt, the splitting of the formerly degenerate e r level (d**, 
d w ) is less than 3000 cm' 1 , contrary to ESR interpretation (76). 


D. Complexes Having Six-Electron Ligands 
I. Borazine (t) e -B 3 N 3 ) 

Borazine (B 3 N 3 H 8 ) is isoelectronic and isostructural with benzene; it 
should thus function as an i 7 ®-ligand toward transition-metal complex 
fragments. However, no [(B 3 N 3 Ha)M(CO)s] complex has been reported. 
Werner and co-workers (21) were the first to synthesize hexaalkylbora- 
zine-tricarbonylmetal compounds (62). Besides chromium (62; R = CH 3 , 
C 2 H s ; R' = CH 3 , C 2 H„), molybdenum complexes have also been prepared 
and studied by nuclear magnetic resonance techniques (21, 22). In the 
n B-NMR spectra a small upfield shift (A6 = <10 ppm) occurs; this was 
observed by complexation of other 7r®-boron nitrogen heterocycles such 
as diazadiborines (C 2 B 2 N 2 ) and diazaboroline (C 2 N 2 B). Obviously, these 
small A8 n B values are a consequence of the 7 r® system in the free ligand. 
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(CH 3 CN) 3 Cr(CO ) 3 


(CO >3 




(62) 


Scheme 3. Synthesis of borazine-tricarbonylchromium complexes. 


(23) 


The electron density at the boron atoms in 20 seems to be less influenced 
by d 6 metal complex fragments than that in the it* systems 1,2,5-thiadi- 
borolene (C 2 B 2 S) and 1,2,5-azadiborolene (C 2 B 2 N) by the d 8 -Fe(CO) 3 
fragment. 

An X-ray study of 62 (R = R' = C 2 H 5 ) revealed that the borazine ring 
is slightly puckered (77) (Cr—B 2.31(2), Cr—N 2.22(2), B—N 1.44(2) 
compared with 1.435(2) A in free B 3 N 3 H e ). As the difference in the Cr—B 
and Cr—N distances is within the change in covalent radii, molecules of 
type 62 represent ^-complexes. Besides the 7r e /d 8 -notation, cluster sys- 
tematics apply to 62, a compound that can be regarded as a seven-vertex 
nido structure with (2 n + 4) = 18 framework electrons, supplied by B(3 
x 2) and N(3 x 4). 

2. 1,2-Diaza-3,6-diborine {rp-CiBiNi) 

Between benzene and borazine, several isomeric boron-carbon-nitro¬ 
gen heterocycles would be expected to exist as potential rj 6 -ligands. The 
first example reported was the l,2-diaza-3,6-diborine ring (19; R = R' = 
H or CH 3 ; R = CH 3 ; R' = H) easily obtained from 1,2,5-thiadiborolenes 
(12) and hydrazines (20). Heating 19 with [(CH 3 CN) 3 Cr(CO) 3 ] at 80°C (10 
mm) affords orange-red diazadiborine-tricrabonylchromium complexes 
(63). The observed upfield shifts of 8-10 ppm are similar to those of 
borazine and diazaboroline complexes. In the IR spectrum, two bands 
[1955 and 1870 cm -1 for 63 (R = R' = H) in C 2 C1J appear, which indicates 
local C 3v symmetry for Cr(CO) 3 . X-Ray structural analysis, by Huttner 
(78), of 19 (R = R' = H) [B—N 1.387(4), N—N 1.391(3), B-C 
1.561(4), C=C 1.371(4) A] reveal that the B—N distance is significantly 
shorter than in borazine [1.435(2) A]. Upon complexation with Cr(CO) 3 , 
the N—N and C—C distances in 63 (R = R' = H) hardly change, whereas 
the B — N bonds lengthen to 1.44(1) and 1.41(2) A; the B—C bonds 
shorten to 1.52(2) and 1.54(1) A. Such shortening of B—C bonds is typical 
for organoboron-transition-metal complexes. The metal ring-atom dis¬ 
tances [Cr—N 2.145(10), Cr—C 2.30(1), Cr—B 2.36(1)] vary with the 
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(CH3CN)3Cr(CO)3 


(19) 



(24) 


Scheme 4. l,2-Diaza-3,6-diborines (19) and tricarbonylchromium complexes (63). 


electron density at the atoms, as observed for other heteroaromatic com¬ 
plexes. In 63, Cr—C is longer than in [(7j e -C 6 H 6 )Cr(CO) 3 ] (2.23 A). The 
boron atoms are below the least-squares plane through the ring atoms by 
0.08 and 0.1 A, which indicates a bending of the C 2 B 2 N 2 ring along the 
B—B axis (< a = 12°). 

As already outlined for other complexes, the bonding in 63 can be 
described by both the n 6 /d e and the cluster systematics. The ligand offers 
its 7r 6 -system to the Cr(CO) 3 fragment and accepts electron density from 
the filled d-orbitals. In the cluster description, compounds 63 have seven- 
vertex nido geometries with In -I- 4 = 18 framework electrons, supplied 
by C(2 x 3), B(2 x 2), and N(2 x 4). 

3. 1,3-Diaza-2-boroline (tj 5 -C 2 A/ 2 B) 

Diazaborolines, isoelectronic with C 5 H 5 - , have been obtained by de¬ 
hydrogenation of diazaborolidines (79) and from a,/3-diimines and halo- 
genoboranes (80). From "B- and 14 N-NMR, UV, and PE studies, it was 
concluded that compounds of type 13 possess a 7r e -electron system and 
therefore should be able to complex the Cr(CO) 3 fragment. This was 
proved by the formation (91%) of the yellow complex 64 (80a) (air-stable; 
decomp, above 170°C). As observed in borazine and diazadiborine com¬ 
plexes, only a small upfield shift (13, 8 = 26.2; 64, 8 = 18.3 ppm) occurs 
in the n B-NMR spectrum. Its constitution has been derived from ‘H and 
13 C-NMR, IR [v(CO) 1929 and 1813 cm -1 ], and mass spectra data. (See 
Scheme 5.) 


(CHjCNljCrtCOJj >_£L< 


(25) 


(13) R=r CH 3 (64) 

Scheme 5. Synthesis of the l,3-diaza-2-boroline-tricarbonylchromium complex 64. 
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h 3C s /Ha 



R' 


(15) 



Fig. 16. l,2,5-Triaza-3,5-diborolidine (IS) and its 


complex (65). 


4. / ,2,4-Triaza-3,5-diborolidine (B 2 N 3 ) 

The l,2,4-triaza-3,5-diborolidine heterocyclic compound (15) is iso- 
electronic with C 5 H 5 _ and 1,3-diaza-2-boroline (C 2 N 2 B) and therefore 
should function as a six-electron donor. However, attempts to synthesize 
7j 5 -transition-metal complexes have failed (81). Metallation of 15 (R' = 
H; R = CH 3 , C 6 H 5 ) by alkyllithium, gives the corresponding Li salts, 
which afford 65 (41%) on treatment with FeCl 2 (82). The tetramethyl 
derivative of 65 (R = CH 3 ) seems to be less stable in the solid state than 
in benzene solution. The “B-NMR signals of 65 (R = CH 3 , 8 = 28.5; R 
= C 6 H 5 , 8 = 26.8 ppm) are only slightly shifted upfield by 2.9 and 2.1 
ppm, respectively, relative to that of 15 (6). (See Fig. 16.) 

5. Borthiine (B 3 S 3 ) 

In comparison with nitrogen, a sulfur atom is a “soft” electron donor, 
and therefore sulfur-containing ligands should readily form transition- 
metal complexes. However, early attempts by Noth and Schuchardt (83, 
85) and by Erl and Vahrenkamp (84) to complex boron sulfur compounds 
yielded only thermolabile products [e.g., (RS) 3 B-Cr(CO) 3 ]. This might be 
due either to weak acceptor properties or the “wrong” symmetry. In 
contrast, such cyclic boron sulfur ligands as 3,4-benzo-l,2,5-thiadiboro- 
lene (46) and 3,4-diethyl-1,2,5-thiadiborolene (47) proved to be good to 
excellent ligands, acting as four-electron donor-two-electron acceptors 
toward metal complex fragments. The six-membered-ring borthiine (21) 
reacts with [(CH 3 CN) 3 M(CO) 3 ] (M = Cr, Mo, W) in dioxane solution to 
give the complexes 66 (23), in which the metal coordinates to the boron 
sulfur ring. 

2(C*H 5 —BS) 3 + 2[(CH 3 CN),M(CO) 3 ] 3C 4 Ha0 2 -2(C»H 5 —BS) 3 M(CO) 3 (26) 

(21) (66) 

The complexes decompose slowly in C 6 H 6 and CH 2 C1 2 solution, but are 
stable in dioxane. Attempts to remove the dioxane in vacuo resulted in 
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decomposition of 66. This indicates that dioxane is chemically bound, 
most probably by coordination of the oxygen atom to the boron atoms. 
Thus, three dioxane molecules could bridge two [(C 6 H b BS) 3 M(CO) 3 ] mol¬ 
ecules. The n B-NMR upfield shifts [21: 8 = 62.7; 66 (M = Cr): 30.5 ± 
0.5 ppm) are in the range of C 2 B 2 S-metal complexes, which would indi¬ 
cate hexahapto bonding. However, coordination of dioxane to the boron 
atoms would result in a similar shift of the n B-NMR signal. Most prob¬ 
ably, the B 3 S 3 ring is no longer planar, having the sulfur coordinated to 
the M(CO) s fragment and the (sp 3 ) boron atoms to the oxygen atom of 
the solvent. The B 3 S 3 ring in 66 may be regarded as an r) 3 -trithia ligand. 


Ill 

DINUCLEAR COMPLEXES 


A. Carbon Monoxide as Bridging Ligand 

Several dinuclear complexes having 7r-ligands in terminal and CO in 
bridging positions have been reported since the first preparation of 
[(C s H 5 )Fe(CO) 2 ] 2 . With boron heterocycles as five- and four-electron 
ligands, dimeric iron and cobalt complexes are to be expected. By re¬ 
acting the bis(borinato)cobalt complexes (52; R = CH S or C„H 5 ) with iron 
carbonyls at 70-120°C, the violet bis(borinato)diiron tetracarbonyl com¬ 
plexes 54 have been obtained (70-81%), for which a cis structure has 
been proposed on the basis of IR data (62) and established by X-ray 
structure analysis (69). Thermal decomposition of 54 at 230°C yields 
bis(borinato)iron complexes (55). 

Treating [Co 2 (CO)g] with the four-electron donors thiadiborolene (55) 
and azadiborolene (57) yields dark red 67 and 68. The IR data for 67 
indicate a trans structure in the solid state [y(CO) = 2025(s) and 1840(s) 
cm -1 , Nujol], whereas in n-hexane solution, four absorptions are found 
[2028(vs), 1891 (vs), 1852(s), and 1838(s) cm -1 ], which reflect a cis struc¬ 
ture. However, one of the bands (v = 1891 cm -1 ) appears at an unex- 



(54) (67) (68) 

Fig. 17. Dinuclear complexes having borinato, thia-. and azadiborolene ligands. 
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pectedly low wavenumber. It is possible that this is caused by interaction 
of the sulfur atom with a terminal CO group. In contrast to 67, the 
azadiborolene complex 68 shows only two CO bands [v = 2004(s), 
1826(s)] in C 2 C1 4 solution. Most probably, the trans structure of 68 is 
caused by steric hindrance of the A-methyl group in the azadiborolene 
ring. A similar effect has been reported for t(C 4 H 4 Me l )Co(CO) 2 ] 2 (trans), 
whereas [(C 4 H 6 )Co(CO) 2 ] 2 has a cis structure (86). 


B. Boron Heterocycles in Bridging Positions 

The most interesting feature of electron-poor boron heterocycles in 
complex chemistry is their use as bridging ligands in di- and trinuclear 
complexes. In 1972, the first, and at present the only, “triple-decker” 
sandwich having a /i-C 5 H 5 ligand, [(C 5 H*)Ni(C 5 H*)Ni(C 5 H 5 )] + (27), was 
reported (31, 32) and subsequently proved by X-ray structure analysis 
(87). Shortly thereafter, the synthesis of the first neutral triple-decker 
sandwich complexes—derivatives of (C 5 H 5 )Co(C 2 B 3 H 5 )Co(C 5 H 5 ) (30)— 
was reported, with an X-ray structural study performed by Grimes and 
co-workers (35). Since 1976, systematic exploration of boron heterocy¬ 
cles as bridging ligands in dinuclear complexes has greatly extended our 
knowledge of this pattern of behavior, stimulated by Hoffmann’s EH 
calculations (30) on Werner and Grimes’s triple-decker sandwich com¬ 
plexes. 

1. CO as Terminal Ligand 

The tricarbonylmanganese fragment (CO) 3 Mn is a d 7 -electron species 
that supplies three orbitals and one electron for bonding to homo- and 
heterocycles (25). Thus, such two-electron acceptor ligands as borole (2), 
1,2,5-thiadiborolene (12), and the hypothetical cyclopentadienyl cation 
(C*H 5 + ) (30) should be capable of binding two (CO) 3 Mn fragments. 

The first triple-decker complex of this type was obtained by Herberich 
and co-workers (88), when l-phenyl-4,5-dihydroborepin and Mn 2 (CO), 0 
were heated for 70 hours in mesitylene. Chromatographic work-up gave 
the brown-red compound 69 (57%). From the IR pattern of the carbonyl 
groups MCO) = 2022(vs), 1963(vs), 1952(vs) cm -1 in hexane], it was 
concluded that the borole, formed by ring contraction of the dihydrobo- 
repin, had replaced four CO ligands in Mn^COljo. The X-ray structure 
analysis established the triple-decker structure (Mn—B = 2.24 A), 
having 30 valence electrons (cr 6 d 6 7r 8 d 6 cr 8 ). Alternatively, 69 can be de¬ 
scribed as a metallocarbaborane cluster having a pentagonal-bipyramidal 
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framework. This is held together, according to the electron count for 
closo compounds (12), by (In + 2) = 16 electrons, supplied by C (4 x 3), 
B (1 x 2), and Mn(CO) 3 (2 x 1). The high-field "B-NMR signal at 8 17.6 
ppm is typical for /i-ligands, in which the five-coordinated boron atoms 
are in bonding contact with two metal moieties. 

As described earlier (Section II,B,4), the 1,2,5-thiadiborolene ring in 
12 easily forms mononuclear complexes having nido structures. Analo¬ 
gous to 69, the orange-red dinuclear compound 70 (21%) is obtained from 
12 and Mn 2 (CO) 10 (89). Its constitution was deduced from IR [p(CO) = 
2021(s), 1966(s), 1956(s) cm -1 in C 2 C1J and NMR data ( n B: 22.5 ppm; 
'H : a quartet signal) demonstrate the equivalence of the methylene pro¬ 
tons of the ethyl group, and thus two equivalently bonded Mn(CO) 3 
groups in the triple-decker, which was proved by X-ray structure analysis 
[Mn. . .Mn = 3.51 A, one CO of Mn(CO) 3 trans to sulfur (40)]. 

The formation of thiadiborolene triple-decker complexes depends on 
the Lewis acidity of the ring. In addition to 70 (X = CH 3 ), complexes 
with OC 2 H 5 , SCH 3 , and C 6 H 5 substituents at the boron atom have been 
prepared, whereas the dimethylamino derivative of 12 did not give any 
dinuclear complexes (90). A similar failure has been observed with the 
1,2,5-azadiborolene heterocycle (57). Again, the bonding in these 30- 
valence-electron triple-decker compounds is described by either the 77 6 / 
d 6 or the cluster systematics, the latter requiring 16 framework electrons 
for the seven-atomic cage [C(2 x 3), B(2 x 2), S(1 x 4), Mn(2 x 1)]. The 
C 3 B 2 ligand 3a can bind the Fe(CO) 3 and the Mn(CO) 3 moieties, yielding 
71, as indicated by mass spectra data (94). (See Fig. 18.) 


2. CO and Cyclic Species as Terminal Ligands 

A combination of a ir-homocyclic or ir-heterocyclic metal moiety, a 
carbonylmetal fragment (CO)„M, and an electron-poor boron heterocycle 
should lead to "unsymmetrical” triple-decker complexes. The first ex¬ 
ample (72) was reported by Grimes and co-workers (91), obtained from 
the reaction of [{(CH 3 —QAHJjFeHJ with [(C 5 H 5 )Co(CO) 2 ] under UV 


< co > 3 



( c0 >3 

-< 3 - 


Mn Mn Fe 

<CO ) 3 (CO ) 3 <co ) 3 

(89) (70) (71) 

Fig. 18. Bis(tricarbonylmetal) triple-decker complexes. 
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light. The structure of red-brown compound 72 was proposed on the 
basis of ‘H- and “B-NMR and mass spectra data. However, an alternative 
isomer containing one metal in an equatorial location and the BH group 
in the apex position cannot be ruled out. Of course, the cluster description 
(16 framework electrons) applies for both the triple-decker and its (pos¬ 
sible) isomer. The C 2 B 3 ligand in 72 functions as an acceptor for four 
electrons, donated by the d 8 species Fe(CO) 3 and Co(C 5 H 5 ). 

Simultaneous reaction of 3,4-diethyl-2,5-dimethyl-l,2,5-thiadiborolene 
with Mn 2 (CO) 10 and [(CsH 5 )Fe(CO)] 2 gives the green air-stable complex 
73 (37%), which was characterized by n B- (8 = 18.0 ppm) and ^-NMR, 
IR [203l(s), 1946(s), 1935(s) cm -1 , in C 2 C1J, and mass spectra data (92). 
Treatment of 73 in benzene with A1C1 3 yields red-violet 
[(C 6 H 6 )Fe{(EtC) 2 (CH 3 B) 2 S}Mn(CO) 3 ] + AlCl 4 - (85). This triple-decker salt 
belongs to the diamagnetic 30-valence-electron species. It is the first 
dinuclear complex having a C 8 H 8 ligand. 

Heating of the paramagnetic triple-decker sandwich [(C 5 H 5 ) 
Ni{(EtC) 2 (EtB) 2 CMe}Ni(C s H 5 )] (29) with Mn^CO)^ in mesitylene forms 
paramagnetic blue-green 74 (M = Ni) {93). In contrast, the reaction of 
[(C 5 H 5 )Ni{(EtC) 2 (EtB) 2 CMe}Co(C 5 H 8 )] (80) with Mn 2 (CO) 10 leads to dia¬ 
magnetic 74 (M = Co) {94), which indicates a favorable formation of 30- 
over 31-valence-electron species. These exchange reactions of metal 
complex fragments are a new synthetic approach to triple-decker com¬ 
plexes. 

Like Mn(CO) 3 , the Co(CO) 2 group is a one-electron-donor moiety. 
However, attempts to prepare the bis(dicarbonylcobalt)-/x-thiadiborolene 
from tris(thiadiborolene)dicobalt (84) and Ni(CO) 4 by ligand exchange 
failed. Only one thiadiborolene is substituted, resulting in the formation 
(69%) of the deep-red, unsymmetrical dinuclear complex 75 (55). The 
conformation of the two thiadiborolene rings is of particular interest with 
respect to that of tris(thiadiborolene)dicobalt (84), in which the bridging 
ring is rotated relative to the trans-oriented terminal rings by 90° (see the 
following section). The U B-NMR spectrum of 75 exhibits two signals (8 = 


(COJj (COJj (CO ) 3 oc co 

Fe Mn Mn N Co / 

-K^- 

<db> <db> 

(72) (73) (74) (75) 

Fig. 19. Unsymmetrical triple-decker complexes with respect to terminal ligands and 
metals. 
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13.1 and 33.8 ppm) compared to 8 = 15 and 30 ppm (1:2 ratio) for the 
compound 84. As usual, the highfield signal is assigned to the boron 
atoms in the bridging ligand. In the ‘H-NMR spectrum, two B—CH 3 
signals in a 1:1 ratio are found; therefore, the two rings should be trans- 
oriented to each other as proposed for the anionic bis(thiadiborolene) 
cobalt (90). The interaction of the d 7 Co(CO) 2 fragment with the sandwich 
(17 valence electrons) should be similar to that of Ni(CO) 2 with 1,2,5- 
thiadiborolene, for which EH calculations predict a tetrahedral orienta¬ 
tion of the electron-donor groups and a slipping of Ni(CO) 2 from the 
center of the ring toward the C=C group (53). To clarify this point, an X- 
ray structure analysis was carried out, which proved the conformation 
shown in 75 (40). The Co. . .Co distance (3.33 A) is slightly longer than 
in 84 (3.30 A). In the IR spectrum, i>(CO) values 2035(s) and 1974(s) cm“‘ 
are identical with those of [(CsH-dCotCOld, but different from the values 
2083(s) and 2038(s) of [(C 2 B 2 S)Ni(CO) 2 ]. 


3. Triple-Decker Sandwich Complexes 

According to the 30/34-valence-electron rule (30, 95), the molecular 
architecture of triple-decker sandwich complexes allows for a variety of 
bridging ligands. In principle, homo- or heterocycles donating zero to 
eight electrons to two cyclopolyenyl- and/or heterocyclic metal complex 
fragments can be expected. Consider first the electron-rich carbocyclic 
ligands such as cyclooctatetraene and cyclopentadienyl. Skell et al. (96) 
reported that reduction of the yellow paramagnetic 
tris(cyclooctatetraene)dititanium (97), which does not have an ideal triple¬ 
decker structure (98), yields diamagnetic [(C 8 H 8 ) 3 Ti 2 ] 2_ , as predicted by 
theory (30). Surprisingly, only one C 8 H 8 signal is observed in the *H- 
NMR spectrum of this 34-valence-electron species. Another /n-C 8 H 8 tri¬ 
ple-decker complex was recently described by Moraczewski and Geiger 
(99). Electrochemical oxidation of [(T)-C 5 H 5 )Co(/i.-C B H a )Co( t)-C 5 H 5 )], 
having 18 valence electrons around each metal, for a total of 36 electrons 
[a “near miss” to the triple-decker class (30)] generates the dication, 
which should have a triple-decker structure with a planar /u,-C 8 H 8 ring 
(99). 

No /u,-C t H t + and /u,-C 8 H 8 dinuclear complex is as yet known. The only 
example of a /u-C 5 H 5 triple-decker is the cation [(7) 5 -C 5 H 8 )Ni(/u,- 
C 5 H 5 )Ni(i 7 5 -C 5 H 5 )] + (31, 32, 95, WO, 101). Discovery of four-, three-, and 
two-electron /u-ligands has opened up this new field, as described later. 
A triple-decker complex having a one-electron [e.g., HQBH)*] or the 
zero-electron ligand [B 5 H 5 ] has not yet been reported. Two (C 5 H 5 )Ni 
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groups as three-electron donors are required for the Ni 2 B 5 cluster [( 17 5 - 
C 5 H 5 )Ni( / x-B 5 H 5 )Ni(7 ? *-C 5 H 5 )] (7). 

a. Complexes Having the Two-Electron p-Ligands 2,3-C 2 B 3 and 2,4- 
C 2 B 3 . As outlined in Section I,A, the isomeric C 2 B 3 H 5 rings have no 
independent existence. However, Grimes and co-workers were able to 
construct triple-decker complexes with the hypothetical isomeric anions 
C 2 B 3 H 5 4- . The red complexes 76 (R = R' = H) and its derivatives have 
been prepared by the following reaction sequence [Eqs. (27, 28)] (35, 
102, 103). 


2,3-C 2 B«H 8 2,3-C*B«Hr [(C 5 H 3 )Co(C 2 B 4 H a )] (27) 

[{(CjH 5 )Co} 2 -/i-( RR' C 2 B 3H3) H.tX 

06) \ 

[(C 5 H 5 )Co(C 2 B 3 H & )]- [(C 5 H 5 )Co(C 2 B s H 7 )] (28) 

A small amount of theC,C'-l,3-propenylene-bridged derivative 76 (R R' 
= CH 2 —CH=CH) was obtained from the reaction of B 5 H R ~ with Co 2+ 
and C 5 H 5 " in THF (104). The X-ray structural analysis (Co. . .Co 3.14 
A) proved the insertion of a cyclopentadienyl ring into the metalloboron 
cage. 

The structural parameters of 76 (R = R' = H and R = H, R' = CW 3 ) 
are nearly identical, the C 2 B 3 rings being planar and symmetrically 
bonded to the (C 5 H 8 )Co moieties [Co-ring plane 1.568(1) and 1.570(1) A]. 
From ‘H- and “B-NMR and structural data, it was concluded that a 
strong (local) interaction is present between the metals and the C=C 
bond as well as the central boron atom (8 U B: 53.3 ppm in the 5-position 
and 5.7 ppm in the 4,6-positions) (102). This is in contrast to the p-2,4- 
C 2 B 3 triple-decker complexes 77, in which the electron density is more 
uniformly distributed over the three boron atoms (8 n B = 21.2 in the 5,6- 
and 11.9 ppm in the 3-position). The structures of green 77 are very similar 
to those of derivatives of 76 (Co. . .Co 3.14 A); both types of triple¬ 
decker complexes are thermally and hydrolytically stable. However, the 
red compound 76 quantitatively isomerizes above 300°C to the green 
complex 77 having nonadjacent carbon atoms in the C 2 B 3 ring (105). The 
rearrangement to the thermodynamically favored product occurs via two 
metallocarboranes having adjacent cobalt atoms in the C 2 B 3 Co 2 polyhed¬ 
ron. These were isolated when the reaction was carried out at lower 
temperatures (200-250°C). Possibly, the mechanism involves a coopera¬ 
tive rotation of Co 2 B and CoB 2 triangular faces on the surface of the 
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(76) 


Scheme 6. Thermal rearrangement of 1,7 > 2,3 -(t} !S -C 5 H.,)Co(C,B,H 5 )Co('I} 5 -CsHii) (76) to 
the 1,7,2,4-isomer 77 via two metallocarboranes. 


polyhedron. Compound 77 is also obtained from closo- 1,6-C 2 B 4 H 6 in 4% 
yield (103) [cf. Eq. (29)]. (See Scheme 6 .) 

I,6-C,B 4 H 9 ro t' ^' 0 > 77 (29) 

Sneddon et at. ( 106 ) described the reaction of cyclopentadiene, pen- 
taborane(9), and 2-butyne with cobalt atoms, which yielded complex 76 
(R = R’ = CH 3 , 1.3%), as well as two other metallocarbaboranes. 

b. Complexes with the Three-Electron prLigand l,3-B^C 3 . As de¬ 
scribed in Section I1,A,1, the difunctional Lewis acid 1,3-diborolene 
reacts with [(CsH 5 )Ni(CO)] 2 and [Co 2 (CO) 8 ] to yield the mononuclear 
complexes 26 and 31 (Scheme 1), in which the 17 -ligand can act as three- 
electron acceptor. At 180-200°C, a simultaneous reaction of the 1,3- 
diborolene (3) with [(C 5 H 5 )Fe(CO ) 2 ] 2 and [(C s H 5 )Co(CO) 2 ] as suppliers of 
(C 5 H 5 )Fe as a one- and (C 5 Hs)Co as a two-electron donor moiety, affords 
the green compound 78 (R = C 2 H 5 , R' = CH 3 ; 10%). Its constitution is 
derived from U B- (8 = 19.6 ppm) and l H-NMR spectra studies; the latter 
exhibits two CsH* signals in a 1:1 ratio (32). This unsymmetrical triple¬ 
decker sandwich is the first member of the /i-l,3-diborolenyl- 
bis(cyclopentadienylmetal) triple-decker family having 30-34 valence 
electrons. According to EH calculations (30), it should be possible to fill 
the slightly antibonding MOs (e/ for [(C 5 Hs) 3 Ni 2 ] + ) successively. As 
expected, the 31- and 33-valence-electron triple-decker complexes pos¬ 
sess one unpaired electron, whereas the 32-valence-electron species have 
two. 

The yellow-green Co 2 compound 79 (R = C 2 H 5 , R' = CH 3 ) has been 
obtained from 3 (Scheme 1) and [(C 5 H 5 )Co(CO) 2 ] in only 15% yield (34, 
39) because of the formation of side products. (The released CO easily 
inserts into 3; see Section II,A,2.) However, blue-green 80 and deep- 
green 29 can be prepared almost quantitatively by “stacking” the dia¬ 
magnetic nickelocene analog 26 with [(C 5 H 5 )Co(CO) J and [(CsH^N i(CO)] 2 , 
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R-<^b-r -b^b- -b^- -b^b- -b^b- 

<o> <dh> <b> 

(78) (79) (80) (29) (81) 

Fig. 20. Bis(7) 5 -cyclopentadienylmetal)(/i-l,3-diborolene) triple-decker sandwich com¬ 
plexes (78—81). 


respectively (34, 39). On reduction with potassium in tetrahydrofuran-d 8 , 
the deep-red diamagnetic complex 81 having 34 valence electrons is 
formed; this exhibits in its ‘H-NMR spectrum the expected singlet for 
the two C 5 H 5 and a quartet for the methylene protons of the C—C 2 H 5 
groups. In comparison to 78 (8 19.6), the U B-NMR signal is shifted 
upfield (8 5.6), indicating the higher electron density at the boron atoms. 
A weaker metal-boron interaction would be expected in the 34- than in 
the 30-valence-electron complex because, in the former, the metal-metal 
distance should be near 3.55 A, but in the latter, near 3.15 A. Unfortu¬ 
nately, the poor quality of the crystalline material precluded X-ray struc¬ 
tural studies of the neutral, the cationic, or the anionic species; this poor 
quality might be due to the four ethyl groups in the ja-C 3 B 2 ring. 

The neutral triple-decker sandwich complexes dissolve readily in hex¬ 
ane and can be recrystallized from Et 2 0/CH 3 CN. They sublime in melting- 
point tubes above 120°C and deliquesce between 220 and 270°C. On 
treatment with AgBF 4 , oxidation to the corresponding cationic triple¬ 
decker complexes occurs; these dissolve in CHC1 3 or CH 2 C1 2 , yielding 
olive-green 29 + and 79 + and deep-red solutions of 80 + . Electrochemical 
investigations confirm the reversible uptake and release of electrons in 
these triple-decker sandwich complexes (107). 

It is of interest that 78 and the isoelectronic cation 79 + have the same 


<£> 

-B^S— (C 5 H 5 )M(CO) n 


Scheme 7. “Stacking" of the sandwich 26 with (C 5 H 5 )M fragments. 
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U B-NMR shift, 8 19.6. For the paramagnetic neutral and cationic dinu- 
clear complexes, no ESR signals have been obtained. However, in the 
l H-NMR spectrum of the paramagnetic neutral compounds, typical para¬ 
magnetic shifts occur. As the 33-valence-electron triple-decker 29 is eas¬ 
ily reduced to its diamagnetic anion, the contact shifts have been studied 
by successive reduction of 29 with potassium (39). 

The bonding in 78 to 81 can be considered in terms of aromaticity and 
cluster formalisms. In each dinuclear compound, three 7r®-systems are 
held together by two metals with a total of 12-16 d-electrons. According 
to the cluster description, the seven-atomic closo systems C 3 B 2 MM' 
require (2n + 2) = 16 skeletal electrons, supplied in 78 by C (3 x 3), B 
(2 x 2), Fe (1), and Co (2). Complex 81 has four electrons more than the 
required number for closo systems; consequently, instead of the (2 n + 
2), the (2n + 6) rule for arachno structures should apply. However, no 
opening of the cage, as observed upon reduction of polyhedral boranes 
and carbaboranes, is expected here, but rather a lengthening of the metal¬ 
ring distance as a consequence of successive filling of the weakly anti¬ 
bonding e,' level. This was first pointed out by Grimes (296) for 27. 

c. Complexes with the Four-Electron p-Ligands C t B and C 2 B 2 S. 
Within the series of isoelectronic 30-valence-electron triple-decker sand¬ 
wich complexes (t) 8 -CjH 5 )M(/i-R 5 B B C 8 _ B )M'( , »? 5 -C 5 H 5 ) (7), the borole 
complex 82 is located between the 1,3-diborolene complex 78 (n = 2) and 
the hypothetical (C 5 H 5 )Fe(CsH 8 )Mn(C 5 H 8 ) (n = 0). 

Green complex 82 was obtained from l-phenyl-3,4-dihydroborepin and 
[(CjjHjOFefCO)*]*. The X-ray structure analysis revealed that the metal- 
metal distance (3.27 A) is longer than that (3.14 A) in the two isomeric 
[(C s H s )Co(C 2 B s H 5 )Co(C 5 H 5 )] complexes. 

Reaction of 1,2,5-thiadiborolene (12) with [(C 8 H 8 )Fe(CO) 2 ] 2 in boiling 
mesitylene affords the green, diamagnetic complex 83 (R = C 2 H 5 ) (11%). 
Its constitution was derived from U B- (8 12.0) and *H-NMR spectroscopy 
and proved by an X-ray structure analysis (108). The central C 2 B 2 S ring 
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Fig. 21. Borole and thiadiborolene triple-decker sandwich complexes. 
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is planar, and the Fe. . .Fe distance [3.236(1) A] is shorter than in 82, 
which may reflect the favorable donor-acceptor properties of the C 2 B 2 S 
over the C 4 B ligand. Bis(T?-thiadiborolenecobalt)/i-thiadiborolene (84) is 
the first "homogeneous” triple-decker sandwich complex composed of 
three heterocyclic ligands and two metals. It is obtained by insertion of 
the ligand 12 (BCH 3 ) into the bridging position of 67. An easier route to 
84 is the direct reaction of 12 with Co 2 (CO) 8 , which applies also for the 
synthesis of the iodo (84, BI), the bromo (84, BBr), and the chloro 
derivative (84, BC1). The triple-decker structure follows from ‘H- and 
n B-NMR data for 84 (BCH 3 ): H B (8 15 and 30), 1:2 ratio for boron 
atoms in the bridging and terminal ligands, and an X-ray study thereof 
(40). Two molecules (enantiomers) are in the unit-cell, which differ in the 
orientation of the bridging ring relative to the trans-oriented terminal 
ligands, as shown in 84. The metal-metal distance is 3.296(1) A, and the 
metal-ring distance is slightly smaller for the bridging than for the ter¬ 
minal ligands. As with mononuclear complexes, the ligands are planar; 
however, the bond lengths indicate the differences in coordination: B—S = 
1.894 A in the bridging and 1.862 A in the terminal ligand. Similarly, 
the C=C bond is lengthened in the central ring (1.458 vs. 1.425 A); this 
is caused by coordination to both Co atoms. These structural data reflect 
the closo cluster with (2n + 2) = 16 framework electrons supplied by C 
(2 x 3), B (2 x 2), S (4), and Co (2 x 1 ). Each of the two nido clusters 
in 84 requires (2n + 4) = 16 skeletal electrons. A total of 48 framework 
electrons are counted in the cluster description, and 30 in the 7 r 6 /d® 
formalism. 


IV 

TRINUCLEAR COMPLEXES 

Since the first preparation of triple-decker complexes, the possibility 
of constructing oligo-decker and poly-decker species [quadruple-decker 
(95), "multiple-decked stacked compounds” (55)] has received attention. 
At this time, few published data are available. 


A. Carbon Monoxide as Terminal Ligand 

As described in Section III,B,2, the unsymmetrical triple-decker com¬ 
plex 73 reacts with A1C1 3 in benzene to afford the red-violet triple-decker 
salt 85 which, on heating to 140°C in vacuo, yields the orange-red trinu- 
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(C0) 3 1® (C0) 3 

Mn Mn 
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(86) (86) (C0 ) 3 

Scheme 8. Thermolysis of the triple-decker salt 85, yielding the tetra-decker complex 


clear complex 86 in milligram amounts. The structure of this first tetra- 
decker compound was derived from the IR [v(CO) = 2033, 1955, 1944 
cm -1 ] and field-desorption mass spectra data and proved by an X-ray 
diffraction study (92). The two independent molecules in the triclinic 
unit-cell are characterized by an inversion center (Fe); this is the first 
complex having two adjacent C 2 B 2 S rings trans-arranged. Recently, a 
similar trans orientation for the two ligands in 90 (BCH 3 ) has been pos¬ 
tulated on the basis of ‘H-NMR data (55), whereas in the isoelectronic 
nickel sandwich (44) and the triple-decker complex (C 2 B 2 S) 3 Co 2 (84) the 
electron-donating groups are in tetrahedral positions. If one regards 86 
as being composed of two [(CO) 3 Mn(C 2 B 2 S)]“ half-sandwiches (18 va¬ 
lence electrons) and iron-d 8 , the trans orientation of the two ^-hetero- 
cycles is expected. As in the other thiadiborolene-tricarbonylmetal com¬ 
plexes, one CO ligand of the Mn(CO) 3 group is trans to the sulfur atom. 
The bond lengths of the bifacial coordinated C 2 B 2 S rings are character¬ 
istically lengthened relative to those in mononuclear C 2 B 2 S complexes 
[B—S 1.928(7), B—C 1.544(9), C—C 1.477(9), Mn. . .Fe 3.408(1) and 
3.391(1) A]. According to the ir 6 /d 6-8 systematics, complex 86 represents 
the first member of the 42- to 48-valence-electron family (2 x o- 6 + 2 x 
ir 8 + 3 x d 6 ). The equivalent cluster description requires, for each of the 
two C 2 B 2 SFeMn closo systems, 16 framework electrons, supplied by C 
(2 x 3), B (2 x 2), S (4), Fe (1), and Mn (1). 

The next member of the hexacarbonyl-trinuclear complexes (43 elec¬ 
trons) was obtained in an attempt to exchange one (C 2 B 2 S)Co fragment 
in 84 for Mn(CO) 3 . Under the reaction conditions, the triple-decker prod¬ 
uct (C 2 B 2 S)Co(C 2 B 2 S)Mn(CO) 3 , formed in the first step, is “stacked” 
with Mn(CO) 3 to the symmetrical tetra-decker complex (87). 

The dark-green, paramagnetic complex exhibits an eight-line ESR spec¬ 
trum due to the Co atom (/ = 7/2). No coupling with Mn (I = 5/2) is 
observed, which indicates that the unpaired electron is in a cobalt orbital. 
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Scheme 9. Replacement of one (C 2 B 2 S)Co fragment in 84 by two Mn(CO) 3 groups. 


The KCO) absorptions of 87 are identical to those of the corresponding 
iron complex (92). An independent route to these complexes was found, 
consisting of the following reaction sequence (Scheme 10). The unsym- 
metrical triple-decker 73 is attacked by C 5 H 5 _ , resulting in the formation 
of two mononuclear complexes, ferrocene and thiadiborolene-tricarbon- 
ylmanganese anion 88, which could not be obtained from the reaction of 
1,2,5-thiadiborolene 12 with (CO) s MnNa (90). Anion 88 reacts with metal 
halides to yield the trinuclear species 86, 87, and 89. IR and mass spectra 
data on the Ni complex 89 are in agreement with a tetra-decker structure. 


B. Tetra-decker Sandwich Complexes 

The triple-decker sandwich 83 is barely attacked by C 5 H 5 ~, yielding 
only minor quantities of ferrocene. However, 84, having slightly longer 
metal-metal distances than 83, reacts with cyclopentadienyl anion to 
yield 43 (BCH 3 , M = Co) and the sandwich anion 90, which was isolated 
as its tetraphenylphosphonium salt. Treatment of 90 with FeCl 2 gave the 
dark-red crystalline trinuclear complex 91, for which on the basis of 
analytical and spectroscopic data a tetra-decker sandwich structure was 
proposed (55a, 109) and confirmed by an X-ray diffraction study (110). 


(C0) 3 

Fe — 5 -5- 




Scheme 10. Cleavage of 73 with C 5 H 5 ~ to yield ferrocene and the anion 88, which 
forms tetra-decker complexes with metal halides. 
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Scheme 11. Reaction of the sandwich anion 90, obtained by 'destacking" of 84, with 
FeCI», to afford the tetra-decker sandwich 91. 


Tetra-decker sandwich complexes with terminal C 5 H 5 rings have been 
reported by Grimes (111) and the author (109). The reaction of the anion 
[(C s H 5 )Co(Me 2 C 2 B 3 H 4 )] _ with CoCI 2 yields the black compound 92. Its 
structure is based on U B-NMR and mass spectra data. Confirmation by 
an X-ray diffraction study has not yet been possible (3, 111). Reduction 
of [(C 5 H 5 )Ni(Et 4 C 3 B 2 Me)] with potassium gives a brown-red anion which, 
on treatment with NiCl 2> yields deep-green 93 [27, 39]. The reactions of 
[(C 5 Hs)Fe(C 2 B 2 S)] _ with MX 2 (M = Fe, Co) afford the tetra-decker sand¬ 
wich complexes [(C s H 5 )Fe(C 2 B 2 S)] 2 M with 42 and 43 valence electrons, 
respectively (112). Electron count according to cluster systematics di¬ 
vides these trinuclear compounds into two nido (n = 6) and two closo 
frameworks (n = 7), each requiring 16 electrons. Thus, a total of 64 
skeletal electrons are counted in the cluster compared with 42 valence 
electrons for the first member of the corresponding tetra-decker sandwich 
families in the 7r®/d 6 description. 



<p> 


-<£> 


-o- 


(93) 


Fig. 22. Tetra-decker sandwich complexes having ij 6 -C„H, ligands. 
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V 

CONCLUSION 

Among boron-containing ligands, the electron-poor heterocycles C 5 B, 
C 4 B, C 2 B z S, C 3 B 2 , and C 2 B 3 exhibit fascinating chemistry and link to¬ 
gether the classical areas of ir-complexes and polyhedral systems with 
such topics as metalloboranes and metallocarboranes. To demonstrate 
this relationship, the 7r 6 /d 6 and the equivalent skeletal electron count have 
been frequently used in this article. In particular, ligands able to donate 
four or fewer electrons to metals and/or metal-complex fragments should 
allow further development of the field of oligo-decker compounds. 
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